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Catalyst development is important to the contemporary world as suitable catalysts 

can allow chemical processes to proceed with reduced energy consumption and waste 

production.  In order to design catalysts with improved performance, the fundamental 

studies that correlate catalytic properties with surface structures are essential as they can 

provide mechanistic insights into the reaction mechanism.  Pd−Au bimetallic catalysts 

have shown exceptional performance for a number of chemical reactions, however, the 

interplay between the reactive species and surface properties are still unclear at the 

molecular level.  In this dissertation, the catalytic chemistry of Pd−Au surfaces was 

investigated via model catalyst studies under ultrahigh vacuum conditions.  A range of 

Pd−Au model surfaces were generated by annealing Pd/Au(111) surfaces and 

characterized/tested by surface science techniques.  The findings in this dissertation may 

prove useful to enhance the fundamental understanding of structure-reactivity relation of 

Pd−Au catalysts in associated reactions. 
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Chapter 1: Introduction 

 

1.1 MODEL CATALYST STUDIES 

Heterogeneous catalysts have been widely used in chemical processes including 

hydrocarbon refining, production of bulk chemicals, automobile pollution control, and 

fuel cell technologies.
1-2

  Around 85−90% of industrial products are made in catalytic 

processes, and the sales of process catalysts is around $13 billion/year worldwide, which 

contributes to products with a value of around $500−600 billion/year.
1
 

Although the use of heterogeneous catalysts increased rapidly since the early 20
th

 

century, fundamental knowledge for associated reaction mechanisms was accumulated 

much more slowly at the same period until the advent of spectroscopy and other catalyst 

characterization techniques in the late 1950s (Figure 1.1).
3
 

 

Figure 1.1. The development history of heterogeneous catalysts.
3
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A molecular-level understanding of catalytic mechanisms was significantly 

advanced by the development of surface science combined with model catalyst studies.  

The comparison between classic catalyst and model catalyst systems is shown in Figure 

1.2.  Classical catalysts are typically constructed of active metal nanoparticles uniformly 

dispersed on a high-surface-area oxide support and operated at high pressures and 

temperatures.  Such material complexity and harsh environments increase the level of 

difficulty to investigate the reaction on the catalyst surface microscopically.  On the 

other hand, in model catalyst studies, reactions are normally investigated on well-defined 

single-crystal surfaces under ultrahigh vacuum (UHV) conditions, which enable the 

correlation of catalytic properties to surface structures at the molecular level.
4-11

   

 

Figure 1.2. The comparison between classical catalyst and model catalyst systems. 
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Although model catalyst studies are performed under idealized conditions, many 

researchers have demonstrated that model catalyst studies can be useful for improving the 

understanding of chemical processes catalyzed by real catalysts.  One of the well-known 

examples is the pioneering work of Professor Gerhard Ertl, whose team clarified the 

molecular events of the Haber-Bosch process via model catalyst studies using a host of 

surface science methodologies.
12

 

1.2 PALLADIUM-GOLD BIMETALLIC CATALYSTS 

1.2.1 Classical Pd−Au Catalysts 

Bimetallic catalysts are a class of important heterogeneous catalysts as they often 

exhibit physicochemical properties that are distinctly different from those of their parent 

metals.  These unique properties offer the opportunity to design catalysts that possess 

better catalytic properties, e.g., enhanced activity, selectivity and stability.
4-5

 

As one of the most studied bimetallic systems, Pd−Au catalysts have displayed 

promising performance for a broad range of catalytic reactions such as CO oxidation,
13-15

 

acetoxylation of ethylene to vinyl acetate,
16-17

 selective oxidation of alcohols,
18-21

 

selective hydrogenation of unsaturated hydrocarbons,
22-25

 hydrodechlorination of 

chlorinated compounds,
26-28

 hydrodesulfurization of sulfur-containing molecules,
29-30

 

decomposition of liquid hydrocarbons for H2 production,
31-32

 and the direct synthesis of 

H2O2 from H2 and O2.
33-38

 



4 

 

Although it has been demonstrated that Pd−Au catalysts exhibit enhanced activity, 

selectivity, and stability in these reactions, the key factors governing the catalytic 

properties of Pd−Au catalysts remain topics of debate.  The vast diversity of preparation 

methods, catalyst supports, and reaction conditions employed could make the comparison 

between different classical catalysts more difficult. 

1.2.2 Model Pd−Au Catalysts 

The promising performance of Pd−Au catalysts has motivated many researchers 

to conduct model catalyst studies to examine these chemical processes.  Table 1.2 lists 

the Pd−Au model catalyst surface and catalytic reaction investigated in a number of 

selected Pd−Au model catalyst studies. 

Table 1.1. Selective Pd−Au model catalyst studies in the literature. 

Model surfaces Reactions 

Type I  

  AuPd(100) CO oxidation
39-40

 

 CO/NO and CO/NO/O2
41

 

  PdAu(111) CO oxidation
42

 

  

Type II  

  Pd/Au(111) Coupling of acetylene to benzene
43-44

 

 Acetoxylation of ethylene to vinyl acetate
17

 

  Pd/Au(100) Acetoxylation of ethylene to vinyl acetate
17

 

  Au/Pd(111) Coupling of acetylene to benzene
45

 

 Selective oxidation of alcohol
46

 

  Au/Pd(100) CO oxidation
47

 

  

Type III  

  Au-Pd/Mo(110) CO oxidation
13

 

  Au-Pd/TiO2/Mo(110) CO oxidation
13
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To date three types of Pd−Au bimetallic model surface have been developed: (I) 

Pd−Au single crystals, e.g., AuPd(100) alloys
39-41 

and PdAu(111);
42

 (II) Pd–Au thin films 

generated by depositing one metal onto another metal single crystal surface, e.g., 

depositing Pd on Au single crystals, e.g., Pd/Au(111),
17, 43-44

 or depositing Au on Pd 

single crystals, e.g., Au/Pd(111)
45-46

; (III) Pd–Au thin films generated by depositing Au 

and Pd onto refractory or other surfaces, e.g., Au-Pd/Mo(110).
13

 

In this dissertation, Pd−Au bimetallic surfaces were prepared by depositing Pd 

atoms from a homemade thermal evaporator onto a single crystal surface of Au(111) at 

77 K.  A variety of Pd−Au surfaces were generated by controlling the amount of Pd 

deposited onto the surface and the annealing temperature with which the surface was 

prepared.  The physicochemical properties of these Pd−Au surfaces such as composition 

and site structures were characterized and correlated with their interactions with small 

molecules such as H2, CO, O2 and HCOOH.  The goals of our studies include advancing 

the fundamental understanding of interactions of these molecules with Pd−Au surfaces 

and providing mechanistic insights into the associated catalytic reactions. 

1.3 DISSERTATION OVERVIEW 

This dissertation consists of seven chapters.  Chapter 1 provides general 

background information for the research conducted in this dissertation.  In the following 

five chapters, each chapter represents an independent study which has been published 
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(Chapters 2−5) or to be submitted (Chapter 6) in peer-reviewed journals.  Finally, 

Chapter 7 covers some concluding remarks and recommendations for future studies. 

Chapter 2 describes our work of hydrogen interaction with Pd−Au model catalyst 

surfaces, which has been published in Journal of Physical Chemistry C authored by Yu, 

W.-Y.; Mullen, G. M.; Mullins, C. B.
48

  In this study, various Pd−Au surfaces were 

generated by annealing Pd/Au(111) surfaces to various temperatures in UHV.  These 

annealed Pd/Au(111) surfaces were characterized by Auger electron spectroscopy (AES) 

and reflection-absorption infrared spectroscopy using CO as a probe molecule (CO-

RAIRS).  The interaction (i.e., adsorption, absorption, diffusion and desorption) of 

hydrogen with these characterized surfaces was studied by temperature-programmed 

desorption (TPD). 

Chapter 3 depicts our study of interactions of hydrogen and carbon monoxide on 

Pd−Au model catalyst surfaces, which has been published in Journal of Physical 

Chemistry C authored by Yu, W.-Y.; Mullen, G. M.; Mullins, C. B.
49

  The coadsorption 

of hydrogen and carbon monoxide was achieved by exposing CO to the hydrogen-

precovered Pd/Au(111) surfaces that was previously annealed in UHV.  TPD was 

conducted to study the interactions of hydrogen and carbon monoxide coadsorbed on the 

annealed Pd/Au(111) surface.  The processes for adsorption and desorption of hydrogen 

and CO were explored by molecular beam scattering (MBS) experiments.  
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In Chapter 4, we investigated the surface chemistry of formic acid (HCOOH) on 

Pd−Au bimetallic model surfaces.  In this research, various Pd−Au surfaces were 

generated by depositing various coverages of Pd atoms on the Au(111) surface followed 

by annealing in UHV.  The annealed Pd/Au(111) surfaces were characterized by H2-

TPD.  The decomposition of HCOOH into H2 (dehydrogenation) and H2O (dehydration) 

on Pd−Au surfaces was assessed by reactive molecular beam scattering (RMBS) and 

HCOOH-TPD experiments.  The results in this work has been published in Journal of 

the American Chemical Society authored by Yu, W.-Y.; Mullen, G. M.; Flaherty, D. W.; 

Mullins, C. B.
50

 

Chapter 5 presents our investigation for oxygen activation and reaction with CO 

on Pd−Au bimetallic model surfaces.  Similar to the approaches in Chapter 2, a series of 

Pd−Au surfaces were prepared by annealing the as-deposited Pd/Au(111) surface to 

various temperatures in UHV and characterized by AES and CO-RAIRS.  King-Wells 

measurements and TPD were conducted to study the interaction of oxygen with these 

surfaces and the obtained results were correlated to their surface properties.  The 

reactivity of oxygen on the surface at various temperatures was assessed by CO-RMBS 

by monitoring CO2 production.  This study was recently published by Journal of 

Physical Chemistry C authored by Yu, W.-Y.; Zhang, L.; Mullen, G. M.; Henkelman, G.; 

Mullins, C. B.
51
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In Chapter 6, we studied the effect of annealing in oxygen on the surface structure 

of Pd−Au model catalysts.  We compared the physicochemical properties of Pd/Au(111) 

annealed under UHV conditions versus in oxygen ambient.  The composition of the 

near-surface region of UHV-annealed and oxygen-annealed surfaces were characterized 

by AES.  The surface sites were probed by CO and O2 using CO-RAIRS, O2 King-

Wells measurements, and O2-TPD.  Finally the catalytic activity of UHV-annealed and 

oxygen-annealed surfaces was compared by CO oxidation via CO-RMBS. 

Chapter 7 summarizes the findings in each work mentioned above and includes 

the recommendations for future work. 
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Chapter 2: Hydrogen Adsorption and Absorption with Pd−Au 

Bimetallic Surfaces* 

 

2.1 INTRODUCTION 

The interaction of hydrogen with metal surfaces has been an important 

phenomenon in the field of heterogeneous catalysis, as a great number of metal-catalyzed 

reactions involve hydrogen as a reactant, intermediate, or product.
52

  Recent research on 

hydrogen-metal surface interactions has been further motivated by the development of 

renewable energy technologies such as hydrogen storage, electrocatalytic oxidation of H2, 

and water splitting for H2 evolution.
53

 

On the close-packed single crystal surfaces of most transition metals H2 

molecules readily dissociate to generate H atoms that bind strongly to the surface, 

whereas on coinage metals (Cu, Ag, and Au), the barrier for H2 dissociation is relatively 

high and the binding of atomic H is much weaker.
54

  Some bimetallic surfaces have 

demonstrated the ability to dissociate H2 and yet also weakly bind H adatoms, properties 

that could be beneficial for several catalytic reactions involving hydrogen.
4, 55

 

                                                 
* Yu, W.-Y.; Mullen, G. M.; Mullins, C. B., Hydrogen Adsorption and Absorption with Pd−Au Bimetallic 

Surfaces. J. Phys. Chem. C 2013, 117, 19535–19543.  

W.-Y. Yu, G. M. Mullen and C. B. Mullins conceived and designed experiments, analyzed and discussed 

results, and commented on the manuscript. W.-Y. Yu performed experiments, analyzed data and wrote the 

paper. 



10 

 

Among the most extensively studied bimetallic systems, Pd−Au alloys have 

displayed promising catalytic performance in various chemical processes
5, 10

 including 

low-temperature CO oxidation,
13-14, 39-40

 cyclization of acetylene to benzene,
43-45, 56

 

acetoxylation of ethylene to vinyl acetate
16-17

 and selective oxidation of alcohols.
18, 57-58

   

Recently, Pd−Au bimetallic catalysts have also been reported to be effective for the 

synthesis of hydrogen peroxide,
34, 59

 selective hydrogenation of unsaturated 

hydrocarbons,
22-24

 hydrodechlorination (HDC) of chlorinated compounds,
26-27

 

hydrodesulfurization (HDS) of sulfur-containing molecules,
29-30

 and decomposition of 

liquid hydrocarbons for H2 production.
31, 60-61

  Hydrogen is involved in all of these 

reactions as either reactant or product.  The number of potential applications of Pd−Au 

alloys in catalytic reactions involving hydrogen merits the fundamental study of the 

interactions of hydrogen with Pd−Au bimetallic surfaces.  A thorough understanding of 

these interactions will help guide future developments in the design of Pd−Au catalysts. 

The interaction of hydrogen with low-index single-crystal surfaces of Pd has been 

extensively investigated.
62-67

  It is well-known that hydrogen not only adsorbs on the 

surface but also absorbs into the subsurface of Pd.  Formation of both surface and 

subsurface H on Pd is exothermic with respect to gaseous H2, which is unusual since the 

formation of subsurface H on most transition metals is endothermic.
54

  In a previous 

study
66

 regarding temperature-programmed desorption (TPD) of hydrogen, it was shown 

that the surface temperature during hydrogen exposure has a great impact on the sorption 

behavior of hydrogen on the Pd(111) surface.  Three different hydrogen species, i.e., 
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near-surface H, surface-chemisorbed H, and bulk-dissolved H (in order of desorption 

temperature from low to high), were observed.  With hydrogen exposure at 80 K, a 

single desorption peak with peak temperature at 310 K was observed, which is associated 

with the recombinative desorption of surface-chemisorbed H.  Near-surface H was 

observed when the hydrogen exposure was carried out at slightly higher temperatures 

(90-140 K), and this hydrogen desorbed at ∼150 K.  For hydrogen exposure at 

temperatures greater than 140 K, the total amount of absorbed H significantly increased 

due to dissolution of H atoms in the Pd bulk (desorption temperature greater than 400 K).  

Similar effects have been also observed on the Pd(100) surface.
67

 

Interactions of hydrogen over Au have not been researched as thoroughly
68-69

 as 

over Pd, primarily because Au has a much higher activation barrier for H2 dissociation 

than Pd.
70

  Our research group
69

 has used an electron-beam heated thermal H atom 

generator to populate atomic H on the Au(111) surface at 77 K.  The desorption feature 

for hydrogen recombination was found to occur at ∼110 K, indicative of a low activation 

energy for this process, which suggests that hydrogen interacts weakly with the Au(111) 

surface.  We have also demonstrated that these weakly bound H atoms on the Au(111) 

surface exhibit unique catalytic activities for many reactions
11

 such as ether production 

via aldehydes or aldehyde/alcohol coupling
71

 and NO2 reduction to NO at cryogenic 

temperatures.
72
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Recently, the interactions of hydrogen with Pd−Au bimetallic model surfaces 

have been explored both experimentally
53, 73-77

 and theoretically.
74-75, 78-83

  For example, 

Tysoe et al.
74

 applied Monte Carlo methods to simulate the surface structures of 

Au/Pd(111) alloys.  By comparing the simulated results with the experimental H and Au 

coverages, they concluded H atoms adsorb on 3-fold hollow sites and then on bridge sites 

as surface Au coverage increases.  Sykes and coworkers
75-76

 employed scanning 

tunneling microscopy (STM) to observe H adatoms on Pd/Au(111) surfaces.  STM 

imaging revealed that significant hydrogen uptake (or dissociative adsorption) only 

occurred when Pd islands were present on the Au(111) surface.  Very recently, Ogura et 

al.
77

 combined thermal desorption spectroscopy (TDS) with nuclear reaction analysis 

(NRA) to study the interactions of hydrogen with a Pd70Au30(110) single crystal.  They 

showed that hydrogen is absorbed into the bulk of this Pd−Au alloy with considerable 

accumulation in the near-surface region. 

In this chapter, the interactions of hydrogen with Pd−Au bimetallic surfaces were 

systematically studied using temperature-programmed desorption (TPD).  A variety of 

Pd−Au model surfaces were prepared by depositing Pd atoms onto an Au(111) single 

crystal in ultrahigh vacuum (UHV) followed by annealing to various temperatures in 

order to study the correlation between surface structure and hydrogen sorption behavior.  

The prepared surfaces were characterized by Auger electron spectroscopy (AES) and 

reflection-absorption infrared spectroscopy using CO as a probe molecule (CO-RAIRS).  

Our results confirm that the presence of contiguous Pd sites is crucial for dissociative 
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adsorption of hydrogen on the Pd−Au bimetallic surface at 77 K.  Upon heating, most of 

the surface chemisorbed H atoms recombinatively desorbed from Pd−Au interface sites 

(peak temperature of ∼200 K), with some desorption occurring from Pd-island sites 

(∼310 K).  With hydrogen exposure at slightly higher temperatures (100-150 K), a 

small portion of hydrogen is absorbed into the near-surface region as subsurface H atoms 

that desorb at a lower temperature relative to surface-chemisorbed H.  Isotopic studies 

revealed that saturating the surface with H adatoms prevents the subsequent dissociative 

adsorption of D2.  H/D scrambling, as evidenced by the desorption of HD, was observed 

in the case of exposing gaseous D to partially H-precovered Pd/Au(111).  These isotope 

experiments suggest that H-D exchange over the Pd/Au(111) surface observes the 

Langmuir-Hinshelwood mechanism.  Moreover, the H/D adatoms are mobile between 

the Pd−Au interface sites and Pd-island sites at low temperatures.  We hope these 

observations will provide insight into hydrogen interactions with the Pd−Au bimetallic 

surface, which may assist in fundamental understanding of associated reaction 

mechanisms and the future design and improvement of bimetallic catalysts. 

2.2 EXPERIMENTAL METHODS 

All experiments were conducted in an ultrahigh-vacuum (UHV) molecular beam 

surface scattering apparatus with a base pressure less than 1 × 10
-10

 Torr.
84-86

  Briefly, 

the apparatus contains an Auger electron spectrometer (AES, Physical Electronics 10-

500), a quadrupole mass spectrometer (QMS, Extrel C-50), a Fourier transform infrared 

spectrometer (FTIR, Bruker Tensor 27) combined with a mercury cadmium telluride 
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(MCT) detector (Infrared Associates), and nozzles and apertures for generating two 

separate molecular beams which are used in combination with quadrupole mass 

spectroscopy (QMS) to conduct temperature-programmed desorption (TPD) and reactive 

molecular beam scattering (RMBS) experiments. 

The Au(111) single crystal sample is a circular disk (Princeton Scientific, 12 mm 

in diameter × 2 mm thick) and is held in place by a Mo wire fitted around a groove cut 

into the side of the sample.  This wire is also used to resistively heat the sample and to 

provide thermal contact between the sample and a liquid nitrogen bath for cooling. The 

temperature of the sample was measured with a K-type (alumel−chromel) thermocouple 

placed in a small hole in the side of the disk.  The Au(111) surface was cleaned by Ar 

ion bombardment (2 kV), carried out at room temperature, and followed by an anneal to 

800 K.  The cleanliness of the surface was verified by AES with a beam energy of 3 

keV and emission current of 1.5 mA. 

Pd−Au bimetallic model surfaces were prepared by depositing either 1 monolayer 

(ML) or 2 ML of Pd atoms from a homemade thermal evaporator onto the Au(111) 

surface at 77 K and then annealing the surface to a specified temperature for 10 min.  

The deposition rate of Pd was calibrated with a quartz crystal microbalance (QCM) 

controller (Maxtek Inc.) assuming the thickness of 1 ML Pd equals 0.274 nm.  The 

surface compositions as a function of annealing temperature were characterized by AES. 
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Reflection absorption infrared spectroscopy using CO as a probe molecule was 

used to characterize the Pd−Au surfaces.  The CO-RAIRS experiments in this study 

were conducted as follows: (1) a specified coverage of Pd was deposited onto the 

Au(111) surface at 77 K; (2) the Pd/Au(111) surface was annealed to 500 K and held for 

10 min; (3) after the sample had cooled to 77 K, an IR background scan was taken; (4) 

CO was dosed onto the Pd/Au(111) surface at 77 K via exposure from a molecular beam 

until the surface was saturated with CO, as determined by the method of King and 

Wells;
87

 and (5) an IR spectrum of CO on the Pd−Au surface was taken at 77 K.  All 

spectra were averaged from 512 scans with a resolution of 4 cm
-1

. The Pd−Au surface 

was then annealed to a higher temperature (e.g., 550, 600, or 650 K) and held for 10 min 

to change the surface structure and simultaneously to desorb the adsorbed CO.  With the 

repetition of steps 3-5, a series of IR spectra of CO on various annealed Pd−Au surfaces 

were obtained. 

In H2-TPD experiments, hydrogen was dosed at 77 K or higher temperatures with 

an exposure of 1 langmuir (1 langmuir = 1 × 10
-6

 Torr·s) by backfilling the chamber with 

molecular H2 through a leak valve.  At this exposure the hydrogen coverage was 

considered to be saturated since no difference was observed between the H2-TPD spectra 

taken with 1 and 10 langmuirs exposures.  The sample was then heated to 500 K at a 

rate of 1 K/s while m/z
+
 = 2 (H2) was monitored.  In the TPD experiments involving 

codosed H and D, the Pd−Au surface was precovered by hydrogen at 77 K, and then 
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deuterium was dosed at 77 K or elevated temperatures.  The sample was then heated to 

500 K at a rate of 1 K/s while m/z
+
 = 2, 3 (HD) and 4 (D2) were monitored. 

2.3 RESULTS AND DISCUSSION 

2.3.1 AES Characterization of Pd/Au(111) 

In this work, Pd−Au bimetallic surfaces were prepared by depositing Pd atoms 

onto a single crystal surface of Au(111).  This system is beneficial because it offers the 

flexibility to compare the activity of the pure Au surface to Au surfaces with various 

coverages of Pd under the same set of conditions.  Furthermore, by controlling the 

amount of Pd deposited onto the surface and the deposition/annealing temperature with 

which the surface is prepared, the Pd adatoms can be directed to reside on the Au(111) 

surface or to diffuse into the subsurface, yielding a subsurface alloy.
4
  AES was utilized 

to determine the surface composition of Pd/Au(111) surfaces as a function of annealing 

temperatures. 

Figure 2.1 depicts the Pd(333 eV)/Au(74 eV) AES peak-to-peak ratios of 1 and 2 

ML of Pd deposited on the Au(111) surface at 77 K and those after annealing each 

surface to various temperatures (200-650 K).  Annealing each surface in UHV caused a 

decrease in the Pd/Au AES ratio, which was much more significant when the annealing 

temperature was higher than 400 K for 1 ML Pd/Au(111) and 500 K for 2 ML 

Pd/Au(111).  These results indicate that the relative surface ratio of Pd to Au declines as 

the annealing temperature increases due to diffusion of the Pd admetal into the subsurface 
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of the Au(111) single crystal.
44, 88

  Similar annealing-induced interdiffusion of Pd was 

also observed by Goodman et al. in a study of a 5 ML Pd/5 ML Au/Mo(110) system.
89

 

 

Figure 2.1. Pd(333 eV)/Au(74 eV) AES peak-to-peak ratios of Pd/Au(111) bimetallic 

surfaces as a function of annealing temperature. (a) 1 ML and (b) 2 ML of 

Pd overlayers were initially deposited onto Au(111) at surface temperature 

of 77 K. The corresponding AES spectra are shown in the insets. 
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2.3.2 CO-RAIRS Characterization of Pd/Au(111)   

CO has long been used in reflection absorption infrared spectroscopy as a probe 

molecule for surface characterization.
90

  The type of adsorption site occupied by CO 

(e.g., atop sites, 2-fold or 3-fold bridged sites) can be inferred by the intramolecular CO 

stretch frequency (νCO) as a result of varying degrees of π backdonation from the surface 

electrons.  It has also been shown that CO-RAIRS is an effective technique to 

investigate the alloy effects of bimetallic model surfaces.
91

  In this study, we used CO-

RAIRS to characterize the annealed 1 ML Pd/Au(111) and 2 ML Pd/Au(111) surfaces as 

shown in Figures 2.2 and 2.3, respectively.  All IR spectra were acquired with a 

saturation coverage of CO adsorbed at 77 K.  The CO-RAIRS spectrum of the Au(111) 

surface is included for comparison. 

 

Figure 2.2. RAIRS spectra of CO on annealed Pd/Au(111) bimetallic surfaces taken at a 

surface temperature (TS) of 77 K. The initial Pd coverage was 1 ML. The 

surfaces were saturated with CO at TS = 77 K. 
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Figure 2.3. RAIRS spectra of CO on annealed Pd/Au(111) bimetallic surfaces taken at a 

surface temperature (TS) of 77 K. The initial Pd coverage was 2 ML. The 

surfaces were saturated with CO at TS = 77 K. 

 

Only one vibrational band centered at ∼2107 cm
-1

 was observed for CO adsorbed 

on the Au(111) surface at 77 K (Figure 2.2, curve a).  The vibrational frequency of this 

feature is in good agreement with the reported value (2108 cm
-1

) for saturated CO 

adsorbed on Au(110)-(1 × 2) at 110 K
92

 and on 10 ML Au/Mo(110) at 80 K,
93

 which is 

associated with CO bound to atop Au sites. 

On the Pd−Au surface that was annealed to 500 K, three CO vibrational features 

were observed (Figure 2.2, curve b).  The vibrational spectroscopy of CO adsorption on 

Pd−Au bimetallic surfaces has been studied by high-resolution electron-energy-loss 

spectroscopy (HREELS)
94

 and later RAIRS.
39, 89, 93

 According to CO-RAIRS 
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measurements regarding Pd−Au bimetallic surfaces reported in the literature,
39, 89, 93

 the 

broad feature centered at ∼1950 cm
-1

 is due to bridged CO on contiguous Pd sites (νCO: 

1900-2000 cm
-1

), the sharp peak at ∼2082 cm
-1

 can be assigned to atop CO on isolated 

Pd sites (νCO: 2060-2085 cm
-1

), and the peak at ∼2110 cm
-1

 is attributed to atop CO on 

Au sites.  However, it is also noted
95

 that on the Pd(111) surface the vibrational band of 

atop CO on Pd sites shifts from ∼2085 to ∼2109 cm
-1

 as CO coverage increases from 

submonolayer to saturation coverage.  Accordingly, the ∼2110 cm
-1

 IR features 

observed on Pd−Au surfaces in this study could result from either atop CO on Au or Pd 

sites (or a combination of both). 

For the surface annealed at 550 K, the IR band at ∼2110 cm
-1

 did not show a 

significant change in intensity (Figure 2.2, curve c), relative to the Pd−Au surface 

annealed at 500 K, whereas the IR feature for atop CO on isolated Pd sites (νCO: 2082 cm
-

1
) intensified and was accompanied by the attenuation of the signal for bridged CO on 

contiguous Pd sites (νCO: 1900-2000 cm
-1

).  All IR bands decreased in intensity when 

the surface was prepared with 600 K annealing (Figure 2.2, curve d), particularly for that 

of bridged CO on contiguous Pd sites.  These IR spectra reveal that upon annealing the 

morphology of the surface Pd changes from a mixture of isolated atoms and contiguous 

atoms to exclusively isolated atoms as a result of the Pd diffusion into the Au(111) 

subsurface. 
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Contiguous Pd sites on the Pd−Au surface are important for H2 chemisorption,
96

 a 

principle which will be presented in the discussion of H2-TPD experiments in a later 

section of this work, and can be retained by either annealing the surface to a lower 

temperature (e.g., <500 K) or depositing a higher initial Pd coverage such as 2 ML.  In 

this study, the Pd−Au surfaces were frequently annealed to 500 K to desorb any surface 

contaminants such as CO.  Accordingly, the latter method (with a higher initial Pd 

coverage) was adopted to prepare Pd−Au surfaces that contain more contiguous Pd sites 

to facilitate the dissociative adsorption of H2. 

Figure 2.3 depicts the CO-RAIRS spectra obtained from Pd−Au surfaces 

generated by depositing 2 ML of Pd on the Au(111) surface followed by annealing to 

temperatures ranging from 500 to 650 K.  It is evident that on these particular Pd−Au 

surfaces the IR signals of bridged CO on Pd contiguous sites (νCO: 1900-2000 cm
-1

) are 

more intense than those observed on the samples prepared from 1 ML Pd on Au(111) 

(Figure 1); in addition, the vibration bands for atop CO on Pd were sharper with a slight 

blue-shift to ∼2087 cm
-1

, and the 2110 cm
-1

 features were relatively smaller.  As 

expected from the results shown in Figure 1, the IR signals of bridged CO on contiguous 

Pd sites (νCO: 1900-2000 cm
-1
) attenuated and those of atop CO on Pd sites (νCO = ∼2087 

cm
-1

) intensified when the surface was annealed to temperatures from 500 to 600 K 

(Figure 2.3, curves b-d).  When the surface was annealed to 650 K (Figure 2.3, curve e), 

all IR signals decreased in intensity and that of bridged CO on Pd sites became very 

small, indicative of much fewer contiguous Pd sites on this surface. 
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2.3.3 TPD of H2 from Pd/Au(111)   

TPD was used to study the interaction of hydrogen with the Pd/Au(111) surfaces.  

Figure 2.4 shows H2-TPD spectra from annealed Pd/Au(111) surfaces with an initial Pd 

coverage of 1 ML. 

 

Figure 2.4. H2-TPD from annealed Pd/Au(111) bimetallic surfaces. The initial Pd 

coverage was 1 ML. The surfaces were saturated with hydrogen by 

backfilling 1 langmuir of H2 at a surface temperature of 77 K. The heating 

rate was 1 K/s. 

 

For the 1 ML Pd−Au surface annealed to 500 K (Figure 2.4, curve b), a broad H2 

desorption peak centered at ∼200 K was observed.  Since this desorption temperature 

lies between those for Au(111) (∼110 K)
69

 and Pd(111) (∼310-320 K)
53, 66

 surfaces, we 

speculate that this desorption site consists of Au and Pd atoms (desorption occurs at the 

interface between Au and Pd atoms), which mimics the behavior of a Pd−Au alloy.  The 
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desorption peak (200 K) is fairly close to that of Pd/Cu(111) (210 K),
97

 which was 

assigned as the temperature for H2 desorption from isolated Pd atoms on a Cu(111) 

surface.  As expected, no measurable H2 desorption was observed from the clean (Pd-

free) Au(111) surface under the same set of conditions (Figure 3.4, curve a).  

Accordingly, our results reveal that the presence of Pd adatoms on Au(111) facilitate H2 

activation for hydrogen uptake via dissociative adsorption, which is consistent with a 

density functional theory (DFT) report.
81

 

The H2 desorption peak became less pronounced when the Pd−Au surface was 

annealed to higher temperatures (i.e., 550 and 600 K) prior to H2 exposure at 77 K, which 

would be expected since fewer Pd atoms reside on the surface after annealing to higher 

temperatures.  It is noted that there was very little H2 desorption from the Pd−Au surface 

that was annealed at 600 K (Figure 2.4, curve d) despite the presence of isolated surface 

Pd adatoms as evidenced by IR signals of atop CO on Pd sites (Figure 1, curve d).  

Comparison of H2-TPD results (Figure 2.4) with the corresponding CO-RAIRS spectra 

(Figure 2.2) for the entire series of annealed Pd−Au surfaces suggests that the presence of 

contiguous Pd sites is crucial for H2 uptake and that surfaces with only isolated Pd sites 

do not readily uptake H2.  A similar observation was also reported previously in an 

electrochemical system in which Pd atoms were electrodeposited onto Au(111) 

surfaces.
96

  By comparing the integrated area of current peaks due to H adsorption from 

H
+
 in the voltammetric data with the surface coverages of various Pd ensembles 
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(monomers, dimers, and trimers) observed from STM images, Maroun et al.
96

 concluded 

that hydrogen adsorption requires at least Pd dimers or larger ensembles. 

As mentioned earlier, an initial Pd coverage of 2 ML was also used to prepare 

annealed Pd−Au surfaces with more contiguous Pd sites for comparison with the surface 

prepared with an initial coverage of 1 ML Pd.  The H2-TPD spectra associated with the 

Pd−Au surface prepared with 2 ML Pd are displayed in Figure 2.5. 

 

Figure 2.5. H2-TPD from annealed Pd/Au(111) bimetallic surfaces. The initial Pd 

coverage was 2 ML. The surfaces were saturated with hydrogen by 

backfilling 1 langmuir of H2 at a surface temperature of 77 K. The heating 

rate was 1 K/s. 

 

For the Pd−Au bimetallic surface that was annealed at 500 K (Figure 2.5, curve 

b), the H2 desorption spectrum displayed a broad peak centered at ∼210 K and a small 
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shoulder at ∼315 K, suggesting the presence of two distinct sites for H2 desorption.  The 

desorption peak at a temperature of ∼210 K is close to that observed for the 1 ML 

Pd/Au(111) surface that was annealed at 500 K (Figure 2.4, curve b), suggesting a 

similarity between the desorption sites on these two surfaces, which we assign to be 

associated with the Pd−Au interface, whereas the higher temperature (∼315 K) feature is 

close to the desorption temperature of H2 from Pd(111),
35, 43 

implying the presence of 

Pd(111)-like islands on the surface. 

When the Pd−Au surface was prepared with a higher annealing temperature of 

550 K (Figure 2.5, curve c), the amount of H2 desorption from both features decreased, 

indicative of the loss of sites for dissociative adsorption of H2.  After annealing to 600 

K, the TPD feature from the Pd-island sites disappeared and only the H2-TPD feature 

from Pd−Au interface sites remained (Figure 2.5, curve d).  The amount of H2 

desorption from the 650 K annealed Pd−Au surface was negligible (Figure 2.5, curve e) 

despite the presence of isolated Pd atoms on this surface, as evidenced by CO-RAIRS 

(Figure 2.3, curve e).  These TPD results together with the corresponding IR spectra 

(Figure 2.3) again demonstrate the prominent role of contiguous Pd sites (characterized 

by νCO: 1900-2000 cm
-1

) on the Pd−Au surface for H2 uptake (or dissociative adsorption 

of H2). Similarly, Gao et al.
39

 have also reported that contiguous Pd sites play a critical 

role in assisting O2 dissociation, thus accounting for a high CO oxidation activity over 

AuPd(110) model surfaces. 
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2.3.4 Effect of Surface Temperature during H2 Exposure 

It has been shown that the surface temperature during hydrogen exposure has a 

significant influence on the nature of hydrogen on the Pd(111) surface.
66

  In order of 

desorption temperature from low to high, three different hydrogen species were observed 

in TPD: near-surface H, surface-chemisorbed H, and bulk-dissolved H.
66

  Here, we 

explored the effect of surface temperature (TS = 77-150 K) during hydrogen exposure on 

the hydrogen desorption behavior for the 2 ML Pd/Au(111) surface that had been 

annealed to 500 K.  The resulting H2-TPD spectra are shown in Figure 2.6. 

As discussed earlier, with hydrogen exposure at 77 K the recombinative 

desorption of H from this Pd−Au bimetallic surface occurs from two distinct sites, 

Pd−Au interface sites (∼210 K) and Pd(111)-like islands (∼315 K), which results in a 

broad desorption feature beginning at ∼150 K and terminating at ∼350 K.  When the 

Pd−Au surface was exposed to H2 at a higher temperature of 100 K (Figure 2.6, curve b), 

the low temperature desorption feature extended to a slightly lower temperature region 

starting at ∼145 K.  The starting temperature for H2 desorption reduced to ∼140 K 

(reproducibly) when the hydrogen exposure was performed at higher temperatures of 120 

K (Figure 2.6, curve c) and 150 K (Figure 2.6, curve d). 
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Figure 2.6. Effect of surface temperature (TS) during hydrogen exposure on H2-TPD 

from Pd−Au bimetallic surface. The Pd−Au surface was prepared by 

depositing 2 ML of Pd onto Au(111) at TS = 77 K followed by annealing to 

500 K in vacuum. One langmuir of H2 was backfilled at TS = (a) 77, (b) 100, 

(c) 120, and (d) 150 K. For TPD measurements, the sample was heated from 

77 K with a heating rate of 1 K/s. The inset shows the H2-TPD from (a) 77 

and (c) 120 K hydrogen exposure for comparison. 

 

We attribute the extension of the low temperature desorption feature to the 

presence of near-surface H, which has a desorption peak temperature at ∼150-160 K for 

Pd(111),
66

 Pd(100),
67

 and Pd(110) surfaces.
64

  Near-surface H (or subsurface H) has 

been proposed to be an intermediate between the chemisorbed H on Pd surface and 

dissolved H in the Pd bulk.
64

  Because of its instability, the desorption temperature of 

near-surface H (∼150-160 K) is lower than the desorption temperatures of surface-

chemisorbed H (∼310-320 K) and bulk-dissolved H (greater than 400 K).  A higher 

surface temperature during hydrogen exposure could provide the energy to overcome the 
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activation barrier for hydrogen diffusion from the surface into the subsurface.  The inset 

in Figure 2.6 clearly shows the difference in H2-TPD spectra obtained from hydrogen 

exposure at 120 and 77 K.  The TPD area ratio of the H2 spectrum for exposure at 120 K 

vs. 77 K is ∼1.06, indicating that the near-surface H is ∼6% as prevalent as the surface 

chemisorbed H. 

Unlike the bulk Pd single crystal, in this study most Pd atoms in our Pd−Au 

samples reside in the topmost surface layer or near to the surface as a near-surface alloy.  

The concentration of Pd is expected to decrease sharply with its distance from the 

surface.  Accordingly, the desorption peak of dissolved H in bulk Pd, which occurs at 

temperatures higher than 400 K,
66

 was not observed in our experiments. 

2.3.5 H/D Exchange on Pd/Au(111)   

Isotopic studies using deuterium (D) were performed to further explore the 

behavior of the adsorbed hydrogen (H) on Pd−Au bimetallic surfaces.  For the TPD 

traces shown in Figure 2.7, the Pd−Au surface was precovered with a saturation coverage 

of H adatoms by backfilling 1 langmuir of H2 gas at 77 K.  Afterward 1 langmuir of D2 

was backfilled at the same temperature.  QMS signals for m/z
+
 = 2 (H2), 3 (HD), and 4 

(D2) were simultaneously monitored while the sample was heated (red traces).  A 

control experiment carried out without the postexposure of deuterium is also included in 

Figure 6 (black trace) for comparison. 
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Figure 2.7. Effect of postexposure of D2 on the saturated H-precovered Pd−Au 

bimetallic surface. The Pd−Au surface was prepared by depositing 2 ML of 

Pd onto Au(111) at a surface temperature (TS) of 77 K followed by 

annealing to 500 K in vacuum. Saturation coverage of hydrogen was 

obtained by backfilling 1 langmuir of H2 at TS = 77 K. Postexposure of D2 

was carried out by backfilling 1 langmuir of D2 at the same temperature. For 

TPD measurements, the sample was heated from 77 K with a heating rate of 

1 K/s. The corresponding H2-TPD without D2 postexposure was included for 

comparison. (a)-(c) have the same Y-axis scale. 

 

As shown in Figure 2.7(a), the TPD spectra for m/z
+
 = 2 with and without 

postexposure of D2 gas are nearly identical, indicating that postexposure of gaseous D2 

has a negligible effect on the desorption behavior of the saturated H atoms precovered on 
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the Pd−Au surface.  With postexposure to deuterium, there was a small peak in the m/z+ 

= 3 trace (Figure 2.7(b), red trace) due to the thermal desorption of a trace amount of HD 

molecules.  This HD was not from an impurity in gaseous H2 since there was no HD 

desorption peak observed in the spectrum without postexposure to deuterium (Figure 

2.7(b), black trace).  These observations signify that a small portion of the D2 is able to 

dissociate on the H-precovered Pd−Au surface.  No detectable peak in m/z
+
 = 4 (D2) 

was observed in either case as shown in Figure 2.7(c). 

These results reveal that the saturated H adatom precovered Pd−Au surface 

strongly inhibits the subsequent dissociative adsorption of gaseous deuterium, which is 

consistent with a previous study
98

 in which a Langmuir-Hinshelwood mechanism was 

observed for H-D exchange on Pd(111).  This inhibition is also evidenced by the 

observation that there was no detected hydrogen uptake when a molecular beam of 

hydrogen was impinged onto the Pd−Au surface that was presaturated by hydrogen in a 

King-Wells measurement (Figure 2.8).  Accordingly, only a small amount of molecular 

D2 dissociated into atomic D and then recombined with atomic H to desorb as HD upon 

heating.  Because of the low concentration of atomic D on the surface, no measurable 

D2-TPD peak was observed during TPD. 
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Figure 2.8. King-Wells measurement of H2 on Pd−Au bimetallic surfaces. The Pd−Au 

surface was prepared by depositing 2 ML of Pd onto Au(111) at surface 

temperature of 77 K followed by annealing to 500 K in vacuum. A 

molecular beam of H2 was impinged onto an inert flag for 2 s (from 10 to 12 

s) and then impinged on the Pd−Au surface that was precovered by 

unsaturated hydrogen (red trace) or saturated hydrogen (blue trace) at 77 K 

for 30 sec (from 32 to 62 s). 

 

Similar TPD experiments were conducted for surfaces below the saturation 

coverage of H adatoms.  The Pd−Au surface readily took up hydrogen from the 

background which is intrinsically present in the UHV chamber.  The H populating the 

surface in the experiments presented in Figure 2.9 was from the background rather than 

from a dosing procedure.  In this case, H2 desorption started at ∼220 K, suggesting most 

of the hydrogen desorbed from Pd-island sites.  The coverage of unsaturated H adatoms 

at the Pd−Au surface is ∼30% of saturation coverage as determined by the H2-TPD peak 

areas. 
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Figure 2.9. Effect of postexposure of D2 on a partially H-precovered Pd−Au bimetallic 

surface. The Pd−Au surface was prepared by depositing 2 ML of Pd onto 

Au(111) at surface temperature (TS) of 77 K followed by annealing to 500 K 

in vacuum. This unsaturated coverage of hydrogen was obtained from 

background H2 at TS = 77 K. Postexposure to D2 was carried out by 

backfilling 1 langmuir of D2 at the same temperature. For TPD 

measurements, the sample was heated from 77 K with a heating rate of 1 

K/s. The corresponding H2-TPD without D2 postexposure was included for 

comparison. (a)-(c) have the same Y-axis scale. 

 

When the Pd−Au surface partially precovered by H was postexposed to D2, no H2 

desorption peak was observed during TPD, while a considerable amount of HD (m/z
+
 = 

3) and D2 (m/z
+
 = 4) was detected (Figure 2.9, red traces).  The formation of HD and D2 
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can be explained by the availability of surface sites.  When the surface sites are only 

partially occupied by precovered H atoms, gaseous D2 is able to find empty sites on 

which to dissociate into atomic D.  The D adatom can then recombine with another D or 

H adatom and then desorb as D2 or HD.  D2 molecules desorbed mainly from the Pd−Au 

interface sites, whereas HD molecules desorbed from both Pd−Au interface sites and Pd-

island sites.  These results suggest that H and D adatoms are mobile between the Pd−Au 

interface sites and Pd-island sites at 77 K.  The absence of H2 desorption is likely due to 

the higher relative concentration of D adatoms on the surface, causing recombination of 

two H adatoms to be an unlikely event.  The different shapes of the HD and D2 

desorption peaks are likely because most of the H adatoms are located on the Pd-island 

sites prior to D2 postexposure, which decreases the probability that two D adatoms can 

recombinatively desorb from the Pd-island sites. 

2.3.6 Effect of Surface Temperature on H/D Exchange on Pd/Au(111) 

The effect of surface temperature during postexposure of D2 was studied on the 

H-precovered Pd−Au surface.  The surface was predosed with a saturation coverage of 

H adatoms by backfilling 1 langmuir of H2 at 77 K followed by exposure to 1 langmuir of 

D2 at various temperatures ranging from 77 to 180 K.  QMS signals for m/z
+
 = 2 (H2), 3 

(HD), and 4 (D2) were simultaneously monitored when the sample was heated from 77 to 

500 K as shown in Figure 2.10. 
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Figure 2.10. Effect of surface temperature (TS) during D2 postexposure on H2-TPD from 

Pd−Au bimetallic surface. The Pd−Au surface was prepared by depositing 2 

ML of Pd onto Au(111) at TS = 77 K followed by annealing to 500 K in 

vacuum. The surface was precovered with saturation coverage of hydrogen 

by backfilling 1 langmuir of H2 at TS = 77 K. Postexposure to D2 was 

carried out by backfilling 1 langmuir of D2 at TS = 77, 100, 120, 150, and 

180 K. For TPD measurement, the sample was heated from 77 K with a 

heating rate of 1 K/s. The corresponding H2-TPD without D2 postexposure 

was included for comparison. (a)-(c) have the same Y-axis scale. 
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As shown in Figure 2.7, only a trace amount of molecular D2 dissociated into D 

adatoms when Pd−Au surface sites were presaturated with atomic H at 77 K.  However, 

when the saturated H-precovered surface was postexposed to D2 at 100 K, the HD 

desorption peak became more pronounced, indicative of more dissociative adsorption of 

D2.  It should be noted that at 100 K hydrogen atoms still remain on the Pd−Au surface 

since H2 desorption begins at ∼150 K.  This enhancement of HD formation may be due 

to increased mobility of H adatoms at temperatures slightly above 77 K, which increases 

the probability of D2 dissociation and frees up surface sites for further dissociation. 

The HD desorption peak gradually grew in intensity as the temperature of 

postexposure of D2 was increased.  With the postexposure to D2 at 120 K, H2 and HD 

desorption began at a slightly lower temperature.  As discussed earlier regarding Figure 

2.6, this lower desorption temperature suggests the presence of subsurface H and D atoms 

due to absorption.  A portion of precovered H desorbed when the Pd−Au surface was 

heated to higher than 150 K, leaving some empty surface sites for D2 dissociation.  

Consequently, a significant peak in the HD spectrum and the emergence of a D2 

desorption peak were observed when H-precovered surfaces were exposed to D2 at 180 

K. 
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2.4 CONCLUSIONS 

A variety of Pd−Au bimetallic surfaces were prepared by depositing Pd onto the 

Au(111) surface followed by controlled annealing under UHV conditions.  Based on 

CO-RAIRS and H2-TPD results, contiguous Pd sites were found to be crucial for 

dissociative adsorption of hydrogen on the Pd−Au bimetallic surface.  Two types of 

surface sites for recombinative desorption of H adatoms, Pd−Au alloy sites (majority) 

and Pd-island sites, were identified in H2-TPD spectra by their desorption features.  The 

temperature for hydrogen desorption from Pd−Au alloy sites is lower than that from Pd-

island sites, indicating H adatoms bind to these sites more weakly, which may be 

beneficial for catalytic reactions involving hydrogen.  The formation of near-surface H 

atoms (or H absorption) was observed when hydrogen was exposed at higher surface 

temperatures.  The near-surface H was relatively unstable and desorbed at a lower 

temperature than that of surface-chemisorbed H.  Isotope-labeled experiments suggest 

that H-D exchange follows a Langmuir-Hinshelwood mechanism and the H/D adatoms 

are mobile between Pd−Au interface sites and Pd-island sites at low temperatures.  

These observations provide insight into hydrogen interactions with Pd−Au bimetallic 

surfaces, which may prove useful in the understanding of associated reaction mechanisms 

and the future design of bimetallic catalysts.  
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Chapter 3: Interactions of Hydrogen and Carbon Monoxide on Pd−Au 

Bimetallic Surfaces* 

 

3.1 INTRODUCTION 

Hydrogen and carbon monoxide are involved in many metal-catalyzed reactions 

as reactants (e.g., in Fischer-Tropsch synthesis), products (e.g., in steam or dry reforming 

of methane), or intermediates/byproducts (e.g., in the direct ethanol fuel cell).  Because 

of their fundamental importance in heterogeneous catalysis, the interactions of H (or D) 

and CO with monometallic or bimetallic single crystal surfaces have been extensively 

studied as summarized by White
99

 and Guo and King.
100

  Apart from a few unconfirmed 

reports, no reaction product or intermediate (nonreactive coadsorption) has been observed 

upon interaction of H and CO coadsorbed on transition-metal surfaces under ultra-high-

vacuum (UHV) conditions.
100

  Nevertheless, many interesting phenomena, such as 

displacement, site blocking, segregation, mixing, new desorption features, and changes in 

sticking probability, have been reported.
99-100

 

Pd−Au bimetallic catalysts have shown promising performance in a number of 

chemical processes,
5, 10

 such as low-temperature CO oxidation,
13-14, 39-40

 cyclization of 

acetylene to benzene,
43-45, 56

 acetoxylation of ethylene to vinyl acetate,
16-17

 selective 

oxidation of alcohols,
18, 57-58

 synthesis of hydrogen peroxide,
34, 59

 and selective 

                                                 
* Yu, W.-Y.; Mullen, G. M.; Mullins, C. B., Interactions of Hydrogen and Carbon Monoxide on Pd−Au 

Bimetallic Surfaces. J. Phys. Chem. C 2014, 118, 2129-2137. 

W.-Y. Yu, G. M. Mullen and C. B. Mullins conceived and designed experiments, analyzed and discussed 

results, and commented on the manuscript. W.-Y. Yu performed experiments, analyzed data and wrote the 

paper. 
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hydrogenation of unsaturated hydrocarbons.
22-24

  Recently, Pd−Au alloys have also been 

reported to be effective for use in direct ethanol fuel cells
101

 and as catalysts for the 

selective decomposition of formic acid for hydrogen production.
31, 60-61

  It is believed 

that, for these reactions, the catalytic properties are highly influenced by the interactions 

of hydrogen and CO with Pd−Au surfaces.  For example, the high stability displayed by 

Pd−Au catalysts for hydrogen production via formic acid decomposition has been 

attributed to the resistance of the surface to CO poisoning due to alloying of Pd with 

Au.
31, 61

  Therefore, it is of significant interest to investigate the coadsorption of CO and 

H on Pd−Au model surfaces in order to provide mechanistic insights into associated 

reaction mechanisms, which may be useful for future catalyst design. 

The coadsorption of CO and H on low-index single-crystal surfaces of Pd, e.g., 

Pd(111),
102-108

 Pd(100),
109-111

 and Pd(110),
64, 112

 has been studied by a host of surface 

science techniques, including temperature-programmed desorption (TPD),
64, 102-106, 109-110, 

112
 low energy electron diffraction (LEED),

103, 105, 109-112
 vibrational spectroscopy,

105-106, 

109-111
 scanning tunneling microscopy (STM),

107
 and low-energy electron microscopy 

(LEEM),
108

 as well as density functional theory (DFT).
106, 108

  On the Pd(111) surface, it 

was found that preadsorbed CO reduced hydrogen uptake by blocking surface sites for 

subsequent dissociative adsorption of hydrogen,
102-103, 105

 and this finding has been 

supported by the relatively high activation energy estimated by DFT calculations.
106

  

Preadsorbed H was found to decrease the sticking coefficient of CO,
102

 but no new 

desorption peak was observed for CO during subsequent TPD.
103

  The initial adsorption 
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of CO was argued to induce recombinative desorption of surface H atoms based on the 

observation that less hydrogen desorbed during subsequent TPD.
102-103

  Furthermore, the 

hydrogen desorption peak shifted to a higher temperature upon exposure to CO.  It was 

proposed that coadsorption of CO induced the dissolution of H into the Pd bulk, and 

dissolved H desorbed at a higher temperature upon heating.
102-103, 105-106

  Similar CO-

induced hydrogen dissolution phenomena were also proposed in studies of coadsorbed 

CO and H on the Pd(100)
109-111

 and Pd(110)
64

  surfaces.  Very recently, Ogura et al.
77

 

have investigated the interaction of CO and H on the Pd70Au30(110) single crystal surface 

using TPD.  They demonstrated that a small amount of adsorbed CO significantly 

altered the desorption behavior of H by blocking the entrance/exit channel for precovered 

H (molecular cap effect of CO), which is similar to the behavior displayed on the 

Pd10Ag90(111),
113

 Pd70Cu30(111),
114

 and Pd/Cu(111)
115

 bimetallic surfaces. 

In this chapter, the interactions of CO and H with the Pd/Au(111) model surface 

were explored using TPD and molecular beam scattering (MBS) techniques combined 

with quadrupole mass spectroscopy (QMS).  Our results indicate that exposure of a CO 

molecular beam to the hydrogen-precovered Pd−Au surface induced an additional low-

temperature hydrogen desorption feature during subsequent TPD measurements, 

suggestive of formation of subsurface H atoms.  Upon CO beam impingement, a portion 

of the precovered H adatoms recombinatively desorbed from the Pd−Au surface, which is 

indicated by the evolution of H2 during MBS measurements.  More H2 was evolved 

when the CO beam was impinged on the H-precovered Pd−Au surfaces at higher surface 
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temperatures.  Our MBS results also show that the presence of preadsorbed H atoms 

decreased the initial sticking probability of CO on the Pd−Au surface.  This sticking 

probability gradually increased as the precovered H adatoms were displaced by CO.  

These observations provide insight into the interactions of CO and H with the Pd−Au 

bimetallic surface and may assist in the understanding of catalytic reactions involving CO 

and hydrogen over Pd−Au alloy catalysts. 

3.2 EXPERIMENTAL METHODS 

All experiments were conducted in an ultra-high-vacuum (UHV) molecular beam 

surface scattering apparatus with a base pressure less than 1 × 10
-10

 Torr.
48, 84-86

  Briefly, 

the apparatus contains an Auger electron spectrometer (AES, Physical Electronics 10-

500), a quadrupole mass spectrometer (QMS, Extrel C-50), a Fourier transform infrared 

spectrometer (FTIR, Bruker Tensor 27) combined with a mercury-cadmium-telluride 

(MCT) detector (Infrared Associates), as well as nozzles and apertures for generating two 

separate molecular beams that are used in combination with quadrupole mass 

spectroscopy (QMS) to conduct temperature-programmed desorption (TPD) and reactive 

molecular beam scattering (RMBS) experiments. 

The Au(111) single crystal sample is a circular disk (Princeton Scientific, 12 mm 

in diameter × 2 mm thick) and is held in place by a Mo wire fitted around a groove cut 

into the side of the sample.  This wire is also used to resistively heat the sample and to 

provide thermal contact between the sample and a liquid nitrogen bath for cooling. The 
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temperature of the sample was measured with a K-type (Alumel-Chromel) thermocouple 

placed in a small hole in the edge of the disk-shaped sample.  The Au(111) surface was 

cleaned by Ar ion bombardment (2 keV), carried out at room temperature, followed by an 

anneal to 800 K.  The cleanliness of the surface was verified by AES with a beam 

energy of 3 keV and emission current of 1.5 mA. 

Pd−Au bimetallic model surfaces were prepared by depositing 1 monolayer (ML) 

or 2 ML of Pd atoms from a homemade thermal evaporator onto the Au(111) surface at 

77 K and then annealing the surface to 500 K for 10 min.  The growth of the Pd 

overlayer on the Au(111) surface at 77 K is believed to obey a layer-by-layer mechanism 

based on a previous study
88

 in which a Pd film was grown on the Au(111) surface at the 

higher temperature of 150 K.  Upon annealing, the surface Pd atoms diffuse into the 

bulk of the Au(111) surface, forming a Pd−Au alloy surface.  The deposition rate of Pd 

was calibrated with a quartz crystal microbalance (QCM) controller (Maxtek Inc.) 

assuming that the thickness of 1 ML of Pd is equal to the diameter of a Pd atom, which is 

0.274 nm.  In this study, we discuss only the results obtained from the 2 ML Pd surface 

since the observations from 1 and 2 ML Pd surfaces displayed the same phenomena.  

The results associated with the 1 ML Pd surface are displayed in Figure 3.1. 



42 

 

 

Figure 3.1. (a) H2-TPD and (b) CO-TPD spectra of H and CO coadsorbed on the Pd−Au 

bimetallic surface. The Pd−Au surface was prepared by depositing 1 ML of 

Pd onto the Au(111) surface at 77 K followed by annealing to 500 K in 

vacuum. A saturation coverage of H was obtained by backfilling 1 L of H2 

at 77 K. A saturation coverage of CO was dosed via a molecular beam at 77 

K. The sample was heated from 77 K with a heating rate of 1 K/s. The TPD 

spectra from the H-saturated Pd−Au surface without CO coadsorption are 

included for comparison. 

 

Reflection absorption infrared spectroscopy (RAIRS) was used to study the 

adsorption behavior of CO on the Pd/Au(111) surface with and without H predosing.  

The Pd−Au surface was first heated to 500 at 1 K/s to desorb any surface contaminants 

such as CO.  After the sample had cooled to 77 K, an IR background scan was taken.  

Saturation coverage of hydrogen on the surface was achieved by backfilling the chamber 

with 1 langmuir (L; 1 L = 1 × 10
-6

 Torr-s) of molecular H2 through a leak valve with the 

sample held at 77 K.  At this exposure, the hydrogen coverage was considered to be 

saturated since no difference was observed between the H2-TPD spectra taken after 1 and 
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10 L exposures.
48

  Various coverages of CO were dosed by a molecular beam of CO 

with the sample held at 77 K.  Finally, an IR spectrum of CO adsorbed on the surface 

was taken at 77 K.  All spectra were averaged from 512 scans with a resolution of 4 cm
-

1
. 

In TPD experiments, the Pd−Au surface was first heated to 500 at 1 K/s to desorb 

any surface contaminants such as CO.  After the sample had cooled to 77 K, the surface 

was considered as the “clean surface” prior to the dosing of hydrogen and CO.  The 

sample was then heated to 500 K at a rate of 1 K/s while m/z
+
 = 2 (H2) and 28 (CO) were 

monitored by QMS.  The Pd−Au surface readily took up the hydrogen from the 

background gas that is intrinsically present in our UHV chamber.
48

    The hydrogen 

coverage observed in TPD spectra without explicitly dosing hydrogen was found to be 

∼30% of saturation coverage, which was highly reproducible in our system, as 

determined by integration of H2-TPD peak areas.  In this study, we made use of this 

exposure method to study the diffusion behavior of lower coverages of H adatoms upon 

the postdosing of CO. 

King and Wells measurements
87, 116-117

 were conducted by impinging a pure CO 

molecular beam onto the H-presaturated Pd−Au surface.  Various flux rates of CO were 

obtained by changing the CO pressure in the nozzle from 0.2 to 0.6 Torr.  The surface 

temperatures during CO beam impingement were varied from 77 to 150 K.  QMS 
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signals of m/z
+
 = 2 (H2) and 28 (CO) were monitored during the King−Wells 

measurements. 

3.3 RESULTS AND DISCUSSION 

In this study, the Pd−Au bimetallic model surface was prepared by depositing 2 

ML of Pd onto the Au(111) surface at 77 K, followed by annealing to 500 K.  In a 

previous study,
48

 it was shown that this procedure produces a surface containing a 

mixture of isolated Pd atoms and contiguous Pd atoms.  Of relevance to this work, the 

presence of contiguous Pd sites is crucial for the dissociative adsorption of H2 at 77 K.  

Dissociated H adatoms recombinatively desorb from the Pd−Au alloy sites and Pd island-

like sites.
48

 

3.3.1 Adsorption of CO on Pd/Au(111) 

The adsorption of CO on the Pd−Au model surface has been extensively studied 

to probe the surface properties and structures.
39, 45, 89, 93-94, 118

  Here, the adsorption of CO 

on the Pd−Au surface was investigated by RAIRS and TPD in order to provide 

information regarding the CO adsorption behavior on our Pd/Au(111) surface and for 

comparison with results involving coadsorption with hydrogen to be discussed in a later 

section.  Exposure of CO was achieved by impinging a molecular beam of CO onto the 

surface at 77 K.  Three coverages of CO, ∼0.35, ∼0.64, and 1 (all relative to saturation 

coverage), were studied by varying the exposure.  The acquired RAIRS and TPD results 
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are shown in Figure 3.2(a) and (b), respectively.  The RAIRS and TPD spectra of 

saturated CO on the Pd−Au surface are included for comparison. 

 

Figure 3.2. (a) RAIRS and (b) TPD spectra of various coverages of CO on the annealed 

2 ML Pd/Au(111) bimetallic surface. Various converages of CO were dosed 

by impinging a CO molecular beam onto the Pd−Au surface at 77 K. IR 

spectra were taken at 77 K. For TPD measurements, the sample was heated 

from 77 K with a heating rate of 1 K/s. The results from saturated CO on 

Au(111) are included for comparison. 
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CO-RAIRS has long been used to characterize metal surfaces.
90

  The type of 

adsorption site occupied by CO (e.g., atop sites, 2-fold or 3-fold bridge sites) can be 

inferred by the intramolecular CO stretch frequency (νCO) as a result of varying degrees 

of π-antibonding back-donation from the surface electrons.  As shown in Figure 

4.2(a), two weak vibrational bands at ∼2070 and ∼1950-1800 cm
-1

 were observed in the 

IR spectrum when the CO coverage was ∼0.35.  These two IR features both intensified 

and shifted to higher frequencices (∼2077 and ∼1956 cm
-1

) as the CO coverage on the 

Pd−Au surface was increased to ∼0.64.  When the surface CO coverage reached 

saturation, the IR spectrum was dominated by two IR bands at ∼2084 and ∼1967 cm
-1

, 

which can be assigned to atop CO on isolated Pd sites and bridged CO on contiguous Pd 

sites, respectively.
39, 89, 93

  The dependence of CO coverage on surface structure on the 

Pd(111) surface has been studied by RAIRS.
95

  At low coverage, CO adsorbs primarily 

on 3-fold hollow sites with a broad IR feature at ∼1850 cm
-1

.  When the CO coverage is 

increased, CO resides on either bridge sites or 3-fold hollow sites (νCO ∼ 1920 cm
-1

).  

Further increases in CO coverage lead to a CO vibrational band at ∼1965 cm
-1

, 

suggestive of CO occupancy on bridge sites.  Finally, CO adsorbs on both atop (νCO ∼ 

2110 cm
-1

) and 3-fold hollow sites (νCO ∼ 1895 cm
-1

) at saturation coverage.  In contrast 

to CO-RAIRS on Pd(111),
95

 the IR features of CO on the Pd/Au(111) surface in this 

study exhibit a relatively asymmetrical peak shape and simultaneous growth in peak 

intensity as the CO coverage was increased.  Similar observations have been reported by 
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Goodman et al.
93

 in a study of the 5 ML Pd/5 ML Au/Mo(110) system, and they 

attrubuted these phonemena to the limited mobility of CO on the Pd−Au surface. 

Figure 3.2(b) shows the corresponding CO-TPD spectra for the Pd−Au surface.  

For the low CO coverage of ∼0.35, CO desorption from the Pd−Au surface began at 

∼310 K and ended at ∼450 K.  The initiation temperature for CO desorption shifted to 

lower temperatures, namely, ∼250 and ∼140 K, when the CO coverages were increased 

to 0.64 and saturation, respectively.  These CO-TPD spectra resemble those observed on 

the Pd(111) surface,
119

 which is consistent with a previous study by Sellidj and Koel.
94

  

By using ultraviolet photoemission spectroscopy (UPS), TPD and high-resolution 

electron energy loss spectroscopy (HREELS), Sellidj and Koel
94

 concluded that the CO 

chemisorption properties on Pd/Au(111) were very similar to those on Pd(111) despite 

the large differences between the valence-band electronic structure of these two surfaces.  

It is noted that the temperature of the CO desorption peak changed as the CO coverage 

was increased. The CO desorption peak was initially centered at ∼380 K, then reduced to 

∼355 K, and finally shifted upward to ∼365 K at ∼0.35, ∼0.64, and saturation CO 

coverage, respectively.  If CO was highly mobile on the Pd−Au surface, upon heating, 

CO would desorb from the strongest-binding site, the site with the highest desorption 

temperature.  In this case, the temperature of the CO desorption peak would decrease 

monotonically as the CO coverage was increased.  Accordingly, the observed evolution 

of peak temperature for CO desorption supports the limited mobility of CO on the Pd−Au 

surface, as suggested earlier by the RAIRS results. 



48 

 

3.3.2 TPD of Hydrogen and CO Coadsorbed on Pd/Au(111) 

Figure 3.3 depicts the TPD spectra for saturated hydrogen and CO in various 

proportions coadsorbed on the Pd−Au bimetallic surface.  The surface was presaturated 

with H adatoms by backfilling 1 L of H2 at 77 K and then exposed to various coverages 

of CO by molecular beam impingement. 

Addressing first the H2-TPD spectra (Figure 3.3(a)), in the absence of postdosing 

of CO, the H desorption spectrum displayed a broad peak centered at ∼215 K with a 

small shoulder at ∼300 K, which we have attributed, in a previous study,
48

 to H2 

desorption from Pd−Au alloy sites and Pd island-like sites, respectively.  When CO was 

coadsorbed on the H-precovered Pd−Au surface at a coverage of ∼0.35, the hydrogen 

desorption feature shifted to a slightly lower temperature, beginning at ∼140 K (the onset 

temperature for hydrogen desorption from the CO-free surface was ∼150 K).  

Furthermore, the higher-temperature feature at ∼300 K was largely attunated upon CO 

codosing.  The attunation of the higher-temperature shoulder suggests that the H 

adatoms on the Pd island-like sites were displaced by postadsorption of CO.  The onset 

temperature for H desorption was further reduced to ∼135 K as the CO coverage was 

increased to ∼0.64 and saturation.  The peak areas under the TPD traces, which is 

indicative of the amount of adsorbed H, decreased slightly upon postdosing of CO.  

These obervations suggest that the H adatoms precovered on the Pd−Au surface 

recombine and desorb during CO impingement, a phenomenon that will be discussed 

further with regard to scattering experiments in a later section of this work. 
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Figure 3.3. (a) H2-TPD and (b) CO-TPD spectra of coadsorbed H and CO on the 

annealed 2 ML Pd/Au(111) bimetallic surface. Saturation coverage of 

hydrogen was obtained by backfilling 1 L of H2 at 77 K. Various coverages 

of CO were dosed by impinging a CO molecular beam onto the Pd−Au 

surface at 77 K. The sample was heated from 77 K with a heating rate of 1 

K/s. The CO-TPD spectra from the Pd−Au surface without hydrogen 

predosing are included for comparison. 
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The shift in the onset temperature for hydrogen desorption to a lower temperature 

in TPD spectra could be due to repulsive interactions caused by the coadsorbed CO on 

the surface leading to the formation of near-surface H.  We have observed a similar 

extension of the low-temperature desorption feature when hydrogen was exposed to the 

Pd−Au surface at slightly higher temperatures (i.e., 100-150 K).
48

  We attribute this 

effect to the presence of near-surface H, which has a desorption temperature of 

∼150−160 K for Pd(111),66
 Pd(100),

67
 and Pd(110) surfaces.

64
   It has been proposed

64
  

that near-surface H (or subsurface H) is an intermediate between chemisorbed H on the 

Pd surface and dissolved H in the Pd bulk.  Because of its instability, the desorption 

temperature of near-surface H (∼150−160 K) is lower than the desorption temperature of 

surface-chemisorbed H (∼310-320 K) and bulk-dissolved H (greater than 400 K).
66

  

CO-induced hydrogen dissolution has been proposed on the single crystal surfaces of 

Pd(111),
102-103, 105-106

 Pd(100),
109-111

 and Pd(110).
64

   For example, Rupprechter and co-

workers reported
105

 that the desorption temperature of H2 from the Pd(111) surface was 

increased from 295 to 375 K when the surface was postdosed with CO.  They proposed 

that the CO replaced hydrogen from the surface and likely forced the hydrogen below the 

surface.  Unlike the bulk Pd single crystal, in this study, most Pd atoms in our Pd−Au 

samples reside in the topmost surface layer or near the surface since only 1 or 2 ML of Pd 

was deposited on the surface, followed by an anneal.  The concentration of Pd is 

expected to decrease sharply with its distance from the surface.  Accordingly, upon CO 
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adsorption, the surface hydrogen adatoms likely can only diffuse to the Pd atoms in the 

near-surface region and desorb at a lower temperature. 

The CO-TPD spectra from the same course of experiments are depicted in Figure 

3.3(b) (in black traces). The CO-TPD spectra that were obtained under the same set of 

conditions, but without presaturation of H adatoms (Figure 1b), are also included (in red 

traces) for comparison. For coverages of CO of ∼0.35 and ∼0.64, the CO-TPD spectra 

from the Pd−Au surfaces with and without presaturation with H adatoms are nearly 

identical. The CO-TPD spectra were slightly different for a saturation coverage of CO; 

less CO desorption was observed from the H-presaturated Pd−Au surface in the 

temperature range between 150 and 200 K. When the hydrogen desorption spectra in 

Figure 2a are also taken into account, the slight decrease in CO uptake is most likely due 

to the occupancy of H adatoms on the Pd−Au alloy sites. These observations reveal that 

precovering with H adatoms has little influence on the CO desorption behavior on the 

Pd−Au surface, which is also supported by the nearly identical CO-RAIRS spectra for the 

surfaces with and without presaturation with hydrogen (Figure 3.4). 
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Figure 3.4. Effect of hydrogen pre-saturation on the CO-RAIRS spectra of the Pd−Au 

bimetallic surface. The Pd−Au surface was prepared by depositing 2 ML of 

Pd onto Au(111) at a surface temperature of 77 K followed by annealing to 

500 K in vacuum. A saturation coverage of H was obtained by backfilling 1 

L of H2 at 77 K. Various coverages of CO were dosed by impinging a CO 

molecular beam onto the Pd−Au surface at 77 K. IR spectra were taken at 77 

K. 

 

Similar TPD experiments for surfaces with ∼30% of saturation hydrogen 

coverage were performed to further investigate the diffusion behavior of H adatoms on 

the annealed Pd−Au bimetallic surface upon CO postdosing.  H2-TPD spectra from the 

surface with and without CO postexposure are depicted in Figure 3.5 (curves a and b), 

and the analogous results from the H-presaturated Pd−Au surface are included (curves c 

and d) for comparison.  With the lowest coverage of coadsorbed CO, the desorption of 

unsaturated H adatoms began at ∼215 K with a peak at ∼246 K (Figure 3.5, curve a), 
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suggesting that the desorption occurred from the Pd island-like sites on the Pd−Au 

surface.
48

  As shown in curve b of Figure 3.5, the onset temperature of H2 desorption 

was reduced to ∼180 K when the partially H-precovered Pd−Au surface was postexposed 

to a saturation coverage of CO.  The peak temperature for H2 desorption with the 

coadsorbed CO on the Pd−Au surface was ∼213 K, which is in reasonable agreement 

with the desorption temperature of hydrogen from the Pd−Au alloy sites, as suggested in 

a previous study.
48

  These observations indicate that, upon CO coadsorption, the H 

adatoms on the unsaturated surface diffuse away from the Pd island-like sites to the 

Pd−Au alloy sites.  This surface diffusion is most likely due to the competitive 

adsorption of CO on the surface sites.  When the saturated H adatom precovered Pd−Au 

surface is exposed to saturation coverage of CO, a portion of the surface H adatoms move 

to the near-surface region, due to a deficiency of empty Pd−Au alloy sites on the surface 

for accommodation.  It should be noted that the type of adsorption sites for H and CO on 

the Pd−Au surface may not be the same.
48, 96

  In our previous study,
48

 we showed that 

the Pd−Au surface consists of isolated Pd sites and contiguous Pd sites, both of which are 

capable of adsorbing CO, while only the contiguous Pd sites have shown significant H2 

uptake at 77 K, as surfaces with only isolated Pd sites do not readily uptake hydrogen.  

Similar observations have been also reported in an electrochemical Pd−Au system,
96

 in 

which Pd monomers were identified as the smallest ensemble for CO adsorption and 

oxidation, whereas H adsorption required sites consisting of two or more contiguous Pd 

atoms. 
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Figure 3.5. Effect of hydrogen coverage on H2-TPD from the annealed 2 ML 

Pd/Au(111) bimetallic surface with and without CO coadsorption. 

Subsaturation coverage of hydrogen was obtained from background H2 at 77 

K. A saturation coverage of CO was dosed by a molecular beam of CO at a 

sample temperature of 77 K. The sample was heated from 77 K with a 

heating rate of 1 K/s. The H2-TPD spectra from the H-presaturated Pd−Au 

surface with and without CO coadsorption are included for comparison. 

 

3.3.3 Scattering Experiments of CO on H-Precovered Pd/Au(111) 

Figure3.6 (a) shows the H2 QMS signal during the King−Wells measurements of 

a CO beam impinging on the H-presaturated Pd−Au surface as a function of surface 

temperature ranging from 77 to 150 K.  The neat CO molecular beam (nozzle pressure 

of 0.8 Torr) was first impinged onto the inert flag that was held in front of the sample for 
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5 s (from 10 to 15 s) to establish a baseline signal.  The beam was then impinged onto 

the Pd−Au surface at the specified temperature for 60 s (from 35 to 95 s). 

 

Figure 3.6. (a) King-Wells measurements of a CO beam impinging on the H-precovered 

annealed 2 ML Pd/Au(111) bimetallic surface at various surface 

temperatures (TS). Saturation coverage of hydrogen was predosed by 

backfilling 1 L of H2 at TS = 77 K. A molecular beam of CO (nozzle 

pressure = 0.8 Torr) was impinged onto the inert flag for 5 s (from 10 to 15 

s) and then impinged on the Pd−Au surface at TS = 77-150 K for 60 s (from 

35 to 95 s). (b) H2-TPD spectra subsequent to the experiments in (a). For the 

TPD measurements in (b), the sample was cooled to 77 K and then heated at 

a rate of 1 K/s. 
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When the CO beam struck the inert flag, a constant QMS signal of H2 was 

observed.  The emergence of this H2 QMS signal is likely due to the displacement of 

hydrogen from the walls of the chamber by competitive adsorption of CO.  After 

removing the inert flag, the CO beam was directed at the H-saturated Pd−Au surface at 

77 K, and a peak in the H2 QMS signal was observed, indicative of the evolution of H2 

from the surface.  It has been reported that nascently adsorbed CO on the Pd(111) 

surface can induce the recombinative desorption of precovered H adatoms,
102-103

 since a 

lower amount of H desorption was detected from the CO-coadsorbed surface relative to a 

CO-free surface in TPD measurements.  The molecular beam experiments in this study 

provide direct evidence that surface H adatoms recombinatively desorb from the Pd−Au 

surface during CO postexposure.  When CO impingement was carried out at higher 

surface temperatures, the H2 evolution peak became sharper and larger, which is 

consistent with the decreasing trend in H2 desorption areas observed in the subsequent 

TPD measurements (Figure 3.6(b)).   

Saturated H adatoms on the surface become less stable and begin to desorb at 

∼150 K from the (CO-free) Pd−Au substrate (Figure 3.3(a)).  Accordingly, a higher 

surface temperature is speculated to destabilize the surface H adatoms, thus increasing 

the probability for recombinative desorption of hydrogen (or H2 evolution) induced by 

the CO coadsorption.  Figure 3.6(b) also shows that, upon CO coadsorption, the onset 

temperature for hydrogen desorption shifted to a lower temperature and a shoulder was 
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observed at ∼160-170 K, which is suggestive of the formation of relatively unstable near-

surface H as discussed earlier. 

Not surprisingly, the CO-induced recombinative desorption of H adatoms from 

the Pd−Au surface is also dependent on the flux rate of CO onto the surface.  Figure 

3.7(a) and (b) displays the QMS signals for H2 and CO, respectively, during the 

King−Wells measurements of the H-presaturated Pd−Au surface upon impingement of a 

CO beam with various fluxes at 150 K.  Variations in flux rates of CO were achieved by 

changing the pressure of CO in the nozzle from 0.2 to 0.6 Torr, and the signal strength 

shown from 10 to 15 s in Figure 3.7(b) scales with the beam flux. 

As shown in Figure 3.7(a), with the lowest CO flux rate used here (i.e., CO nozzle 

pressure = 0.2 Torr), the evolution of hydrogen from the Pd−Au surface during CO 

impingement lasted for ∼32 s.  The hydrogen evolution period became shorter when the 

flux rate of CO was increased due to quicker saturation of CO on the surface. 
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Figure 3.7. QMS signals of (a) H2 and (b) CO during King−Wells measurements of a 

CO beam impinging on the H-precovered annealed 2 ML Pd/Au(111) 

bimetallic surface with various nozzle pressures of CO. A saturation 

coverage of hydrogen was achieved by backfilling 1 L of H2 at 77 K. A 

molecular beam of CO was impinged onto the inert flag for 5 s (from 10 to 

15 s) and then impinged on the Pd−Au surface at 150 K for 60 s (from 35 to 

95 s). 
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 Figure 3.7(b) shows the detected QMS signals for CO during the same course of 

King−Wells measurements.  When the CO beam was impinged on the inert flag, a flat 

CO QMS signal was detected due to scattering of the beam with negligible adsorption on 

the sample.  As mentioned earlier, the areas of the measured CO QMS signals from the 

inert flag can be used to estimate the relative flux rates of the CO beams generated from 

the various nozzle pressures.  The flux rates of CO beams at 0.6 and 0.4 Torr are 

estimated to be ∼3.4 and 2.3 times greater (respectively) than that achieved with the 0.2 

Torr nozzle pressure.  When the CO beam was impinged onto the H-precovered Pd−Au 

surface, the intensity of the CO QMS signal was lower than that observed for 

impingement on the inert flag due to the adsorption of CO on the surface.  The 

measured initial sticking probabilities of CO for the entire CO nozzle pressures studied 

here were between ∼0.47 and ∼0.5.  As the adsorbed CO molecules saturated the 

Pd−Au surface, the sticking probability approached zero, and the intensities of the CO 

QMS signals from the inert flag and from the sample surface became nearly identical. 

A subtle change in the adsorption probability of CO versus time (i.e., coverage) 

for CO impingement on the Pd−Au surfaces with and without H presaturation is shown in 

Figure 3.8.  Here, a CO molecular beam generated with a CO nozzle pressure of 0.6 

Torr was impinged upon each surface, held at a surface temperature of 150 K. 

As expected, virtually no difference in the H2 and CO QMS signals was observed 

when the CO beam impinged on the inert flag (from 10 to 15 s) for the two experiments 
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(Figure 3.8(a)).  However, the initial intensities of the CO QMS signals were different 

when the CO beam struck the two differently prepared surfaces, indicating that there was 

a difference in initial sticking probabilities for CO on each surface, which were estimated 

to be ∼0.5 and ∼0.65 for the surfaces with (red trace) and without H presaturation (green 

trace), respectively.  These results reveal that presaturated H on the Pd−Au surface 

caused a decrease in the initial sticking probability of CO.  Similar observations have 

also been reported for the Pd(111) surface.
102

  For the Pd−Au surface without H 

presaturation, the sticking probability of CO monotonically decreased as the CO coverage 

increased, whereas, on the H-presaturated Pd−Au surface, the sticking probability of CO 

first increased and then decreased upon CO impingement. 

Figure 3.8(b) depicts the CO and H2 signals for CO impingement on the H-

presaturated Pd−Au surface, enlarged to highlight features.  It is noted that the change in 

CO sticking probability from increasing to decreasing (observed for the red trace at the 

dotted line) coincided with the evolution of hydrogen from the surface (blue trace).  

Accordingly, the increase in CO sticking probability in the early stages of CO 

impingement on the H-presaturated Pd−Au surface could be explained by site opening 

due to displacement of H adatoms by postexposed CO.  The sticking probability for CO 

increased until the site displacement was completed and then decreased in a manner 

similar to that on the Pd−Au surface without H presaturation. 
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Figure 3.8. (a) King−Wells measurements of CO beam impingement on the 2 ML 

Pd/Au(111) surface. A saturation coverage of hydrogen was achieved by 

backfilling 1 L of H2 at a surface temperature of 77 K. A molecular beam of 

CO (nozzle pressure = 0.6 Torr) was impinged onto the inert flag for 5 s 

(from 20 to 25 s, as shown by vertical dashed lines) and then impinged on 

the H-presaturated Pd−Au surface at 150 K for 60 s (from 45 to 105 s, as 

shown by vertical dashed lines) while monitoring CO (red trace) and H2 

(blue trace) via QMS. For comparison, a control experiment was performed 

under the same conditions, but without hydrogen predosing (green trace: 

CO; purple trace: H2). (b) Enlargements of CO (red trace) and H2 (blue 

trace) QMS signals for King−Wells measurement of CO impingment on the 

H-presaturated Pd−Au surface in (a). 
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3.4 CONCLUSIONS 

The interactions of hydrogen and CO with the Pd−Au bimetallic surface were 

studied by molecular beam scattering of CO on the H-precovered Pd/Au(111) model 

surface, followed by temperature-programmed desorption.  TPD results show that, upon 

CO exposure, the hydrogen desorption peak shifted to a lower temperature and a high-

temperature shoulder was largely attenuated.  These observations suggest that CO 

competitively adsorbed on Pd island-like sites, causing surface H adatoms to diffuse 

away from these sites to Pd−Au alloy sites and/or into the subsurface.  The evolution of 

H2 was observed in CO molecular beam scattering experiments with hydrogen 

precovered surfaces, providing direct evidence of recombinative desorption of the H 

adatoms induced by CO coadsorption (even at 77 K).  An increased amount of 

recombinative desorption of hydrogen was observed when CO was impinged at a higher 

surface temperature due to decreased stability of the H adatoms at higher temperatures.  

The presence of precovered H adatoms on the Pd−Au surface decreased the initial 

sticking probability of CO but displayed little influence on the subsequent desorption 

behavior of CO.  These observations could provide insight into the interactions of 

hydrogen and CO with Pd−Au bimetallic surfaces, which may aid future catalyst design. 
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Chapter 4: Selective Hydrogen Production from Formic Acid 

Decomposition on Pd−Au Bimetallic Surfaces* 

 

4.1 INTRODUCTION 

Hydrogen is a promising energy carrier for electricity generation in a fuel cell; 

however, hydrogen storage and distribution remains a challenging issue.  Recently, 

formic acid (HCOOH) has been proposed as a potential liquid storage medium capable of 

releasing H2 under mild conditions via catalytic decomposition.
120-124

  For practical 

applications, suitable catalysts are essential to facilitate HCOOH decomposition via 

dehydrogenation (HCOOH → H2 + CO2) as opposed to dehydration (HCOOH → H2O + 

CO).  Recently, considerable advances have been made in the selective dehydrogenation 

of HCOOH at ambient and near-ambient temperatures using homogeneous catalysts.
125-

128
 Nevertheless, the separation issues associated with homogeneous catalysts and 

requisite use of organic solvents and additives hamper their practical applications.
129-130

  

Use of heterogeneous catalysts may circumvent these issues, but improved catalytic 

performance under ambient conditions is still required.
129-130

 

Pd is one of the most active catalysts for HCOOH decomposition.
130

  Recently, 

heterogeneous catalysts containing Pd have been extensively studied for H2 production 

                                                 
* Yu, W.-Y.; Mullen, G. M.; Flaherty, D. W.; Mullins, C. B., Selective Hydrogen Production from Formic 

Acid Decomposition on Pd−Au Bimetallic Surfaces. J. Am. Chem. Soc. 2014, 136, 11070–11078. 

W.-Y. Yu, G. M. Mullen, D. W. Flaherty and C. B. Mullins conceived and designed experiments, analyzed 

and discussed results, and commented on the manuscript. W.-Y. Yu performed experiments, analyzed data 

and wrote the paper. 
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via HCOOH decomposition;
31-32, 60-61, 130-138

 among them, Pd−Au bimetallic catalysts 

have received substantial attention due to their promising performance in selective 

HCOOH dehydrogenation.
31-32, 60-61, 131, 138

  Yet, the key factors controlling the catalytic 

performance (e.g., activity and selectivity) of Pd−Au bimetallic catalysts on HCOOH 

decomposition remain topics of debate.
31-32, 60-61, 130, 135, 138

  For instance, Pd−Au alloy 

catalysts were reported to possess improved HCOOH dehydrogenation activity and 

stability relative to monometallic Pd catalysts.
31-32, 61

  Such improvement has been 

attributed to a higher resistance to CO poisoning due to alloying of Pd with Au.
31, 61

  

However, a recent study indicated that alloying of Pd with Au leads to lower HCOOH 

decomposition activity, which was suggested to result from a ligand effect as indicated by 

a slight shift of the Pd 3d5/2 binding energy in X-ray photoelectron spectroscopy (XPS).
135

  

Apart from alloy catalysts, supported Pd−Au catalysts with core−shell structures were 

also tested for selective HCOOH decomposition;
60, 130, 138

 a higher hydrogen yield was 

observed
60, 138

 and attributed to the possible charge transfer between Au and Pd (i.e., a 

ligand effect).
138

  However, it has been shown that the charge transfer between Au and 

Pd is insignificant owing to similar work functions between the Au and the Pd,
130

 and a 

lower rate of HCOOH decomposition was observed for the colloidal Au−Pd core−shell 

nanoparticles relative to colloidal Pd nanoparticles.
130

  The inconsistencies between 

these studies may be due to the vast diversity of preparation methods, catalyst supports, 

and reaction conditions employed in these studies.  Indeed, classical heterogeneous 

catalysts are generally complex and operate at high temperatures and pressures, 
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increasing the level of difficulty to unravel the factors governing the catalytic properties 

(e.g., reactivity and selectivity).  In model catalyst studies, reactions are investigated on 

well-defined single-crystal surfaces under ultrahigh vacuum (UHV) conditions, which 

enable thorough surface characterization, precise control of reactant coverages, and 

minimal environmental interference, thereby allowing the study between surface 

structures and catalytic properties of catalytic materials at the molecular level.
5-8, 10

 

In this chapter, the surface chemistry of HCOOH on Pd−Au bimetallic model 

surfaces was investigated using temperature-programmed desorption (TPD) and reactive 

molecular beam scattering (RMBS) methods in an attempt to improve the fundamental 

understanding of the selective decomposition of HCOOH on Pd−Au catalysts.  A 

variety of Pd−Au bimetallic surfaces, prepared by varying the Pd coverage deposited on 

the Au(111) surface followed by annealing, were characterized by H2-TPD and tested via 

HCOOH-RMBS and HCOOH-TPD under UHV conditions.  Two types of surface sites, 

i.e., Pd−Au interface sites and Pd(111)-like sites (sites that lack neighboring Au atoms), 

were characterized qualitatively and quasi-quantitatively for the Pd−Au surface by H2-

TPD.  Reactivity tests based on HCOOH-RMBS demonstrate the critical role of Pd−Au 

interface sites for selective hydrogen production via catalytic HCOOH dehydrogenation.  

Although increasing the fraction of Pd(111)-like sites on the surface increased the rate of 

HCOOH decomposition, the selectivity toward hydrogen production decreased because 

the Pd(111)-like sites primarily catalyze dehydration of HCOOH.  HCOOH-TPD results 

reveal that reaction-limited desorption of CO2 occurred at a relatively low temperature, 
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indicating that the reaction intermediate(s) from HCOOH decomposition could be readily 

decomposed on the Pd−Au surface.  These observations suggest that the exceptional 

performance of Pd−Au catalysts for selective HCOOH decomposition could be 

rationalized by the “ensemble” effect.  The experimental results shown in this study 

provide direct evidence that the selectivity for HCOOH reaction pathways can be tailored 

by the intermixing of Pd and Au atoms on catalytically active surfaces, which is 

consistent with predictions from a recent theoretical study.
139

 

4.2 EXPERIMENTAL METHODS 

All experiments in this study were conducted in a molecular beam surface 

scattering apparatus with a base pressure of less than 1 × 10
-10

 Torr.
48-49, 84-86

  Briefly, 

the apparatus contains an Auger electron spectrometer (Physical Electronics 10−500), a 

quadrupole mass spectrometer (Extrel C-50), a Fourier transform infrared spectrometer 

(Bruker Tensor 27) combined with a mercury−cadmium−telluride (MCT) detector 

(Infrared Associates), as well as nozzles and apertures for generating two separate 

molecular beams. 

The Au(111) single-crystal sample is a circular disk (Princeton Scientific, 12 mm 

in diameter × 2 mm thick) and held in place by a Mo wire fitted around a groove cut into 

the side of the sample.  This wire is also used to resistively heat the sample and provide 

thermal contact between the sample and a liquid nitrogen bath for cooling.  The 

temperature of the sample was measured with a K-type (Alumel−Chromel) thermocouple 
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placed into a small hole in the edge of the disk-shaped sample.  The Au(111) surface 

was periodically cleaned by Ar ion bombardment (2 keV), carried out at room 

temperature, followed by an anneal to 800 K.  The cleanliness of the surface was 

verified by Auger electron spectroscopy (AES) with a beam energy of 3 keV and 

emission current of 1.5 mA. 

Pd−Au model surfaces were prepared by depositing Pd atoms from a homemade 

thermal evaporator onto the Au(111) surface at 77 K and then annealing the surface to 

500 K for 10 min under UHV conditions.  The deposition rate of Pd was calibrated with 

a quartz crystal microbalance (QCM) controller (Maxtek Inc.) by assuming that the 

thickness of 1 monolayer (ML) of Pd is equal to the diameter of a Pd atom, which is 

0.274 nm.  Growth of the Pd overlayer on the Au(111) surface at 77 K is believed to 

obey a layer-by-layer mechanism based on a previous study
88

 in which a Pd film was 

grown on the Au(111) surface at the higher temperature of 150 K.  Upon annealing, 

some of the surface Pd atoms diffuse into the subsurface of the Au(111) sample, forming 

a Pd−Au alloy surface.
31-3217, 44, 88

   AES spectra for the as-deposited and annealed 

Pd/Au(111) surfaces are shown in Figure 4.1.  Table 4.1 summarizes the Pd(333 

eV)/Au(74 eV) AES intensity ratios of as-deposited and annealed Pd/Au(111) surfaces. 
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Figure 4.1. AES spectra for the Pd/Au(111) surfaces (a) before and (b) after annealing 

to 500 K for 10 min in UHV. Various coverages of Pd overlayers were 

initially deposited onto the Au(111) surface at a surface temperature of 77 

K. 

Table 4.1. Pd(333 eV)/Au(74 eV) AES intensity ratios of as-deposited and annealed 

Pd/Au(111) surfaces. 

Initial Pd 

coverage 

(ML) 

 Pd(333 eV)/Au(74 eV) AES intensity ratios (a.u.) 

 As-deposited Pd/Au(111) surface Annealed Pd/Au(111) surface 

1  0.9 0.6 

2  3.7 2.1 

3  - 6.6 

4  - - 

 

Temperature-programmed desorption (TPD) is a useful tool for providing 

information concerning the interactions between the surface (adsorbent) and the adsorbed 

species (adsorbate).
140-142

  In the TPD measurement, a temperature ramp is applied to 

the surface and the rate of desorbing molecules is measured by monitoring the increase in 
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evolving gas-phase species as a function of surface temperature using a mass 

spectrometer.  Analyses of a series of TPD spectra can provide information such as the 

activation energy for desorption, the strength of the adsorbate−adsorbent interaction, and 

the relative surface coverage of adsorbate.
140-142

  The interactions (i.e., adsorption, 

absorption, diffusion, and desorption) of hydrogen with Pd/Au(111) surfaces have been 

studied previously using H2-TPD.
48

  In this study, H2-TPD was conducted to 

characterize the annealed Pd/Au(111) surfaces for qualitative and quasi-quantitative 

analyses of surface sites.  Hydrogen was dosed by impinging a molecular beam of H2 

onto the Pd−Au surface at a surface temperature of 77 K to yield a saturation coverage.  

Afterward, the H-presaturated surface was heated to 500 K at a rate of 1 K/s, while the 

signal for m/z
+
 = 2 (H2) was monitored by a quadrupole mass spectrometer (QMS). 

Application of molecular beam methods to well-defined model catalysts enables 

the detailed investigation of the chemical kinetics of surface reactions.
9, 143

  By 

correlating the chemical kinetics with the surface structure, mechanistic insights into the 

kinetic phenomena on catalyst surfaces can be obtained.
9, 143

  In this study, we used 

reactive molecular beam scattering (RMBS) to acquire kinetic information (i.e., HCOOH 

decomposition rate and turnover frequency for hydrogen production) on our Pd−Au 

surface.  HCOOH-RMBS experiments were conducted by impinging a molecular beam 

of HCOOH onto the sample surface that was held at a temperature of 500 K.  The flux 

of the HCOOH beam was estimated to be ∼5 × 10
14

 molecules cm
−2

 s
−1

 using HCOOH-

TPD spectra from the clean Au(111) surface (Figure 4.2) and assuming 1 ML of HCOOH 
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equals ∼1.39 × 10
15

 molecules cm
−2

 [the surface atom density of Au(111)].  Prior to 

exposure to the sample surface, the HCOOH beam was first impinged onto an inert 

stainless steel flag that was held in front of the sample to establish baseline signals.  

Products and unreacted HCOOH molecules were detected by monitoring the following 

QMS signals for each species: HCOOH (m/z
+
 = 46, 44, 29, and 28), CO2 (m/z

+
 = 44 and 

28), H2 (m/z
+
 = 2), CO (m/z

+
 = 28), and H2O (m/z

+
 = 18).  The amount of each species 

is proportional to the integral of its QMS intensity.  The integrals of QMS intensities for 

CO2 (m/z
+
 = 44) and CO (m/z

+
 = 28) were corrected by considering the contribution from 

the corresponding mass fragments of HCOOH and those from HCOOH and CO2, 

respectively. 

 

Figure 4.2. TPD spectra of HCOOH from the Au(111) surface. Various coverages of 

HCOOH were dosed onto the Au(111) surface by impinging a molecular 

beam of HCOOH onto the surface at a surface temperature of 77 K. The 

heating rate was 1 K/sec. 



71 

 

HCOOH-TPD was carried out by adsorbing HCOOH onto the sample surface at 

77 K via a molecular beam followed by annealing to 500 K at a rate of 1 K/s.  The QMS 

signals during HCOOH-TPD were detected in a manner similar to that described for 

HCOOH-RMBS experiments.  The coverage of the HCOOH overlayer was determined 

by TPD of HCOOH from the clean (Pd-free) Au(111) surface. 

4.3 RESULTS AND DISCUSSION 

4.3.1 H2-TPD from Pd−Au Surfaces 

In order to establish a structure−activity relationship for HCOOH decomposition 

on the Pd−Au surface, a characterization technique that can provide both qualitative and 

quantitative information on surface properties is essential.  Probe molecules such as CO 

and H2 are commonly used to characterize the structure and composition of catalytic 

surfaces. 

Adsorption of CO on the Pd−Au model surface has been extensively studied 

using CO-RAIRS (reflection−absorption infrared spectroscopy)
17, 39, 49, 89, 93, 144

 and CO-

TPD.
45, 49, 89, 94, 144

   Using CO-RAIRS, qualitative information such as the type of 

adsorption sites occupied by CO (e.g., atop sites, 2-fold or 3-fold bridge sites) on the 

Pd−Au surface can be inferred by the intramolecular CO stretch frequency
17, 39, 49, 89, 93, 144

 

due to varying degrees of π-antibonding back-donation from the surface electrons; 

however, it has been shown that quantitative analysis using CO-RAIRS becomes difficult 

when contiguous Pd sites are present on the Pd−Au surface, probably due to the 
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vibrational coupling effect that attenuates the IR intensity at high surface CO coverages.
93

  

Quantitative analysis based on CO-TPD is complicated for the annealed Pd/Au(111) 

surfaces as the CO desorption peak is fairly broad
49

 (likely as a result of the superposition 

of multiple CO desorption peaks), making the surface site assignment and peak 

deconvolution difficult. 

The interaction of hydrogen with the Pd−Au model surface has been investigated 

using H2-TPD.
48, 53, 74, 77

  In a previous study using H2-TPD we showed that the 

presence of contiguous Pd atoms (characterized by CO-RARIS) on the annealed 

Pd/Au(111) surfaces is crucial for dissociative adsorption of hydrogen molecules at 77 

K.
48

  Upon heating, hydrogen adatoms recombinatively desorb from the Pd−Au surface.  

According to the desorption temperature of hydrogen, two distinct surface sites, i.e., 

Pd−Au interface and Pd(111)-like sites (lacking adjacent Au atoms), were qualitatively 

assigned.
48

  Furthermore, a quasi-quantitative analysis is feasible by performing peak 

deconvolution for the H2-TPD spectra.  Accordingly, here we utilized H2-TPD to 

characterize the Pd−Au surfaces that were generated by annealing the as-deposited 

Pd/Au(111) surfaces in UHV. 

Figure 4.3 depicts the H2-TPD spectra for desorption of saturation coverages of 

hydrogen from the annealed Pd−Au surfaces with initial Pd coverages ranging from 0 to 

4 ML.  The annealed 1 ML Pd/Au(111) surface exhibited a broad H2-TPD peak centered 

at ∼208 K.  Since this hydrogen desorption temperature lies between those for Au(111) 
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(∼108 K)
69

 and Pd(111) surfaces (∼310−320 K),
53, 66

 we speculate that this desorption 

site consists of Au and Pd atoms and hydrogen desorption likely occurs at the interface 

between Au and Pd atoms.
48

  This H2-TPD feature is relatively broad because the 

desorption temperature of hydrogen depends on the relative number of Pd and Au atoms 

associated with the Pd−Au interface sites during the desorption process.  In general, a 

higher hydrogen desorption temperature would be expected when H atoms bind to more 

Pd atoms in the Pd−Au interface sites since the bond strength of Pd−H is stronger than 

that of Au−H. 

 

Figure 4.3. H2-TPD spectra from Pd−Au surfaces with initial Pd coverages ranging 

from 0 to 4 ML. Pd−Au surfaces were prepared by depositing Pd atoms onto 

the Au(111) surface at a surface temperature (TS) of 77 K followed by 

annealing to 500 K in UHV. A molecular beam of H2 was impinged onto 

each surface at TS = 77 K to yield a saturation coverage of H adatoms. 

Heating rate was 1 K/s. 
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For the annealed 2 ML Pd/Au(111) surface, the peak of hydrogen desorption from 

the Pd−Au interface sites (at ∼210 K) intensified and an additional shoulder at a higher 

temperature (∼300 K) was observed.  The desorption temperature of this high-

temperature shoulder is fairly close to the desorption temperature of hydrogen from the 

Pd(111) surface,
53, 66

 which suggests formation of Pd(111)-like sites on the annealed 2 

ML Pd/Au(111) surface.  Both hydrogen desorption features (i.e., from the Pd−Au 

interface and Pd(111)-like sites) grew in intensity on the Pd−Au surfaces prepared with 

higher initial Pd coverages of 3 and 4 ML. 

The integral of the peak area under each H2-TPD trace is proportional to the 

amount of hydrogen that desorbed from each Pd−Au surface.
140-142

  It is noted that no 

measurable H2 desorption was observed from the clean (Pd-free) Au(111) surface under 

the same set of conditions.  In other words, the surface sites for hydrogen uptake are 

associated with surface Pd atoms.  Sykes and co-workers
75-76

 employed scanning-

tunneling microscopy (STM) to observe H adatoms on Pd/Au(111) surfaces.  STM 

imaging revealed that hydrogen molecules dissociatively adsorb on surface Pd atoms, and 

no spillover onto the Au terrace sites was observed.
75-76

  Therefore, the integral peak 

area under each H2-TPD trace should also reflect the relative number of surface Pd atoms 

for dissociative adsorption of hydrogen.  By integrating the peak for H2-TPD spectra, 

the relative number of surface Pd atoms on each Pd−Au surface was calculated (relative 

to that of the annealed 4 ML Pd/Au(111) surface).  As listed in Table 4.2, the relative 
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number of surface Pd atoms is 0.32, 0.63, 0.84, and 1 for the Pd−Au surface with the 

initial Pd coverage of 1, 2, 3, and 4 ML, respectively. 

Table 4.2. Relative number of surface Pd atoms, relative dispersion, fraction of Pd−Au 

interface sites, HCOOH conversion, HCOOH decomposition rate, turnover 

frequency for H2 production, and relative H2/CO QMS ratio on the annealed 

Pd/Au(111) surfaces. 

Initial 

θPd 

(ML) 

Relative 

no. of 

surface Pd 

atoms 

(-)α, β 

Relative 

dispersion 

(-)α, β 

Fraction 

of 

Pd−Au  

interface 

sites  

(-)β 

HCOOH 

conversion 

(%)γ 

HCOOH 

decomposition rate 

(HCOOH cm-2 sec-1) 
γ 

TOF for  

H2 production 

(H2 PdS
-1 sec-1) 

β, γ 

Relative 

H2/CO 

QMS 

ratio 

(-)α, γ 

1 0.32 1.29 1 0.7 3.5 × 1012 0.006 2.08 

2 0.63 1.26 0.66 2.8 1.4 × 1013 0.012 1.19 

3 0.84 1.12 0.62 6.7 3.3 × 1013 0.011 1.05 

4 1 1 0.60 8.8 4.4 × 1013 0.009 1 
α relative to that of the annealed 4 ML Pd/Au(111) surface; β determined from H2-TPD spectra (Figure 4.3); γ 

determined from HCOOH-RMBS spectra (Figure 4.5). 

 

Dispersion, defined as the fraction of atoms of a material exposed to the surface, 

is an important indicator in heterogeneous catalysis since catalytic reactions occur on 

surfaces.  For supported Pd catalysts, dispersion is generally expressed as the ratio of the 

amount of hydrogen uptake (determined from hydrogen chemisorption) to the total 

amount of Pd.  In this study, the relative dispersion was computed by dividing the 

relative number of surface Pd atoms (determined from H2-TPD) on each Pd−Au surface 

by its initial Pd coverage (relative to that of the annealed 4 ML Pd/Au(111) surface).  

The relative dispersion was found to gradually decrease as the initial Pd coverage was 

increased (Table 4.2), suggesting that a higher portion of Pd atoms was not surface 

accessible when the Pd−Au surface was prepared with a higher initial Pd coverage. 
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In order to quantify the relative number of Pd−Au interface and Pd(111)-like sites 

on each Pd−Au surface, the H2-TPD spectra in Figure 4.3 were fitted by peak 

deconvolution, and the corresponding peak integrals are displayed in Figure 4.4.  As the 

initial Pd coverage was increased, the amount of hydrogen desorption from the Pd−Au 

interface and Pd(111)-like sites both increased (Figure 4.4), indicating that the number of 

both types of surface sites increased since the amount of hydrogen desorption is 

proportional to the number of surface sites.  The fraction of Pd−Au interface sites on 

each Pd−Au surface was calculated by the integral of hydrogen desorption from Pd−Au 

interface sites divided by that of the total hydrogen desorption from both Pd−Au interface 

and Pd(111)-like sites.  The fraction of Pd−Au interface sites is unity for the annealed 1 

ML Pd/Au(111) surface and reduces to ∼0.6 for surfaces with higher initial Pd 

coverages, i.e., 2−4 ML (see Table 4.2). 

 

Figure 4.4. Integrals of H2 QMS signal intensity for H2-TPD spectra shown in Figure 

4.3 after peak deconvolution. 
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4.3.2 HCOOH-RMBS on Pd−Au Surfaces 

The reactivity of HCOOH on Pd−Au surfaces was evaluated by HCOOHRMBS.  

A room-temperature beam of HCOOH vapor was generated with a translational energy of 

∼0.1 eV.  The trapping probability of HCOOH under these conditions will be very close 

to unity regardless of the surface temperature.  At elevated surface temperatures trapped 

molecules will undergo a kinetic competition between surface reaction and desorption.
145-

148
 

Figure 4.5 shows the HCOOH-RMBS results for annealed Pd/Au(111) surfaces 

with various initial Pd coverages.  The HCOOH beam was first impinged onto the inert 

stainless steel flag that was held in front of the sample for 5 s (from 30 to 35 s) to 

establish baseline signals and then impinged onto the Pd−Au surface that was held at a 

surface temperature at 500 K for 5 s (from 65 to 70 s) to complete a King and Wells 

measurement.
116-117

 

When the HCOOH molecular beam struck the inert flag, QMS signals for m/z
+
 = 

46, 44, and 28 were observed, in which the m/z
+
 = 46 signal is the parent mass of 

HCOOH and the m/z
+
 = 44 and 28 signals are mass fragments of HCOOH from QMS 

ionizer dissociation (similar m/z
+
 ratios for masses 46, 44, and 28 were observed when 

shooting the HCOOH beam directly into QMS).  The m/z
+
 = 18 signal is due to a water 

impurity in the HCOOH
85

 as we observed this mass signal when shooting the HCOOH 

beam directly into QMS as well.  As expected, no QMS signal for H2 (m/z
+
 = 2) was 
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observed when scattering the beam from the inert flag.  After removing the inert flag, 

the HCOOH beam was directed onto the annealed 1 ML Pd/Au(111) surface, where a 

QMS signal for H2 production (m/z
+
 = 2) was observed (Figure 4.5a).  The emergence 

of the H2 QMS signal clearly shows that the dehydrogenation reaction occurred on the 1 

ML Pd/Au(111) surface. 

 

Figure 4.5. HCOOH-RMBS results for Pd−Au surfaces with various initial Pd 

coverages. Pd−Au surfaces were prepared by depositing Pd atoms onto the 

Au(111) surface at a surface temperature of 77 K followed by annealing to 

500 K in UHV. The surface was held at 500 K during HCOOH-RMBS 

measurements. HCOOH beam was impinged onto the inert flag for 5 s (from 

30 to 35 s) and then onto the sample surface for 5 s (from 65 to 70 s). 

HCOOH flux was ∼5 × 10
14

 molecules cm
−2 

s
−1

. Panels a−d have the same 

ordinate scale. 
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Apart from H2 production, CO2 (the byproduct of HCOOH dehydrogenation) and 

CO (the byproduct product from HCOOH dehydration) also formed as indicated by 

comparison of m/z
+
 = 44 and 28 signals for impingement of the HCOOH beam on the 

inert flag and on the Pd−Au surface.  These results show that the presence of Pd 

adatoms on the Pd−Au surface can facilitate HCOOH decomposition since no reactivity 

was observed on the Au(111) surface under the same testing conditions (Figure 4.6).  It 

is noted that formation of H2O due to HCOOH dehydration was difficult to observe in 

this system, which likely results from efficient pumping of H2O by the cryogenic probe 

cooled by liquid nitrogen. 

 

Figure 4.6. RMBS results for HCOOH on the Au(111) surface. The surface was held at 

500 K during the HCOOH-RMBS measurement. The HCOOH beam was 

impinged onto the inert flag for 5 sec (from 30 to 35 sec) and then onto the 

sample surface for 5 sec (from 65 to 70 sec). The flux rate of the HCOOH 

molecular beam was ~5 × 10
14

 molecules cm
-2

 sec
-1

. 
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Figure 4.5b−d shows the HCOOH-RMBS results for Pd−Au surfaces with higher 

initial coverages of Pd (i.e., 2−4 ML).  For convenience of comparison, the integrals of 

QMS intensities for each species produced (i.e., H2, CO2, and CO) during HCOOH-

RMBS (Figure 4.5) are summarized in Figure 4.7.  

 

Figure 4.7. Integrals of QMS signal intensities for H2, CO, and CO2 produced on 

annealed Pd/Au(111) surfaces with various initial Pd coverages during 

HCOOH-RMBS (Figure 4.5). 

 

The amount of H2, CO2, and CO generated on the Pd−Au surface increased as the 

initial Pd coverage was increased, suggestive of an activity enhancement for overall 

HCOOH decomposition.  By comparing the m/z
+
 = 46 signals obtained from the 

HCOOH beam impinging on the inert flag and on the sample surface, conversion of 

HCOOH on each surface can be estimated.  As listed in Table 4.2, the estimated single-
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collision conversion of HCOOH on the Pd−Au surface increased from 0.7% to 8.8% as 

the initial Pd coverage was increased from 1 to 4 ML. 

Figure 4.8a depicts the rate of HCOOH decomposition as a function of the 

relative number of surface Pd atoms on Pd−Au surfaces.  The rate of HCOOH 

decomposition is the product of the conversion of HCOOH and the flux of the HCOOH 

molecular beam (∼5 × 10
14

 molecules cm
−2

 s
−1

) in HCOOHRMBS experiments. 

 

Figure 4.8. (a) Rate of HCOOH decomposition and (b) turnover frequency for H2 

production on Pd−Au surfaces during HCOOH-RMBS experiments shown 

in Figure 4.5. 
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As illustrated in Figure 4.8a, the rate of HCOOH decomposition increased as the 

relative number of surface Pd atoms increased.  A sharp increase in the rate of HCOOH 

decomposition was observed when the relative number of surface Pd atoms was larger 

than 0.32 (i.e., the annealed 1 ML Pd/Au(111) surface).  Taking the relative number of 

Pd−Au interface and Pd(111)-like sites into account, this sharp increase in the HCOOH 

decomposition rate observed here is believed to be related to formation of Pd(111)-like 

sites on the Pd−Au surface.  In other words, Pd(111)-like sites are more catalytically 

active for HCOOH decomposition than Pd−Au interface sites. 

The specific activity of Pd−Au surfaces for H2 production is expressed in terms of 

turnover frequency (TOFH2) or the number of H2 molecules produced per surface Pd site 

(PdS) per unit time.  In this study, the TOFH2 on Pd−Au surfaces was computed from the 

integral of QMS signal intensities for H2 production from HCOOH-RMBS experiments 

and H2 desorption from TPD measurements (details associated with these calculations 

can be found in the Appendix).  Figure 4.8b displays the calculated TOFH2 of each 

Pd−Au surface as a function of the relative number of surface Pd atoms on the Pd−Au 

surface. With the increase of the relative number of surface Pd atoms, the TOFH2 first 

increased to 0.012 H2 PdS
−1

 s
−1

 and then slightly decreased to 0.009 H2 PdS
−1

 s
−1

.  

Because the rate of HCOOH decomposition increased monotonically (Figure 4.8a), the 

decrease in TOFH2 observed here suggests that the activity of HCOOH dehydration was 
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enhanced, causing the selectivity for hydrogen production to be reduced as the relative 

number of surface Pd atoms increased. 

The selectivity for H2 production via HCOOH decomposition depends directly on 

the fraction of Pd atoms that exist at the Pd−Au interface or Pd(111)-like sites on the 

Pd−Au surface.  The selectivity for hydrogen production (or dehydrogenation 

selectivity) can be expressed by the relative H2/CO or CO2/CO QMS area ratios (relative 

to that of the annealed 4 ML Pd/Au(111) surface) in HCOOH-RMBS experiments.  

Figure 4.9 shows the relative H2/CO QMS area ratios and the fraction of Pd−Au sites on 

Pd−Au surfaces as a function of the relative number of surface Pd atoms (the trends of 

relative H2/CO and CO2/CO QMS area ratios were almost identical, Figure 4.10). 

 

Figure 4.9. Relative H2/CO QMS area ratios measured from HCOOH-RMBS 

experiments (Figure 4.5), and fraction of Pd−Au interface sites on Pd−Au 

surfaces determined by H2-TPD measurements (Figure 4.3). 
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Figure 4.10. Relative CO2/CO QMS area ratios measured from HCOOH-RMBS 

experiments (Figure 4.5), and fraction of Pd−Au interface sites on Pd−Au 

surfaces determined by H2-TPD measurements (Figure 4.3). 

 

Figure 4.9 shows that the relative QMS ratio of H2/CO, the selectivity toward 

hydrogen production, decreased with increasing relative number of surface Pd atoms.  

This decrease in hydrogen selectivity correlates with a decrease in the fraction of Pd 

atoms that exist as Pd−Au interface sites, suggesting that HCOOH dehydrogenation 

occurs at Pd−Au interface sites on the surface.  The observations based on H2-TPD and 

HCOOH-RMBS correlate the structure of Pd−Au surfaces with their catalytic properties 

on HCOOH decomposition: (1) the presence of Pd−Au interface sites on Pd−Au surfaces 

is crucial for selective HCOOH dehydrogenation; (2) formation of Pd(111)-like sites on 

Pd−Au surfaces enhances the overall HCOOH decomposition at the expense of the 

dehydrogenation selectivity.  It is noted that high selectivity for HCOOH 
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dehydrogenation was reported in some studies employing supported monometallic Pd 

catalysts.
133, 135, 137

  Since the catalytic performance of supported monometallic metal 

catalysts often results from an accumulative contribution from both metal nanoparticles 

and the support used, the observed high selectivity
133, 135, 137

 may be due to participation 

of the support in the surface reaction or metal−support interactions. 

Our experimental observations are conceptually consistent with a recent 

theoretical study.
139

 Using density function theory (DFT) methods, Yuan and Liu
139

  

calculated the potential energy profile for possible reaction pathways for HCOOH 

decomposition on four different surfaces: the Pd(111) surface, the Pd monolayer 

supported on the Au(111) surface (abbreviated Pd ML), and two Pd-decorated Au(111) 

surfaces (abbreviated Pd6Au3 and Pd3Au6).  Energy barriers for HCOOH activation to 

form formate (HCOO) (via O−H bond cleavage) or carboxyl (COOH) intermediates (via 

C−H bond cleavage) are lower on the Pd(111) and Pd ML surfaces in comparison to 

those on the Pd6Au3 and Pd3Au6 surfaces.
139

  These results support our observations that 

the rate of the HCOOH decomposition is enhanced by formation of Pd(111)-like sites on 

the Pd−Au surface.  They also found that the energy barriers for further decomposition 

of HCOO or COOH intermediate to CO2 and H are comparable for all surfaces 

investigated; however, higher energy barriers are required for dissociation of COOH into 

CO and OH on the Pd6Au3 and Pd3Au6 surfaces (∼1 eV) than on the Pd(111) and Pd ML 

surfaces (∼0.5−0.6 eV).
139

  In other words, the dehydration pathway is inhibited relative 

to the dehydrogenation pathway on the Pd6Au3 and Pd3Au6 surfaces, which is consistent 
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with the importance of Pd−Au interface sites for HCOOH dehydrogenation selectivity 

(Figure 4.9). 

The catalytic properties of bimetallic catalysts are often discussed in terms of the 

ligand (or electronic) effect and ensemble (or geometric) effect.
5, 149-150

  The ligand 

effect describes electronic modifications caused by formation of heterometallic bonding, 

which leads to a charge transfer between the metals.
5
  As mentioned earlier, the ligand 

effect has been suggested to explain the catalytic performance of Pd−Au catalysts 

observed for HCOOH decomposition.
135, 138

  Nevertheless, it is noted that the work 

functions for Au and Pd are similar,
17, 130

 and their electronegativities are identical.
17

  

Furthermore, XPS spectra indicate that very little (<0.2 eV) or no shifts occur in the 

binding energies of Pd(3d) and Au(4f) or Pd Auger electrons on Pd−Au surfaces,
88

 which 

implies a very limited charge transfer between Pd and Au in Pd−Au alloys.  The 

ensemble effect depicts that the atoms that exist in a particular arrangement are required 

for facilitating a particular catalytic process.
5
  The ensemble effect for HCOOH 

decomposition on Pd−Au surfaces has been investigated theoretically by DFT 

calculations.
139

  In this study, we have experimentally shown that the fraction of Pd 

atoms that exist in Pd−Au interface or Pd(111)-like sites has a significant influence on the 

reactivity and selectivity of HCOOH decomposition on the Pd−Au surface.  Pd atoms in 

Pd(111)-like sites, which lack neighboring Au atoms, were found to exhibit a higher 

catalytic activity for HCOOH decomposition (Figure 4.8a) via the undesired dehydration 

pathway, resulting in a lower selectivity for hydrogen production.  Pd atoms that exist at 
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the Pd−Au interface display a lower activity for overall HCOOH decomposition but 

enhanced dehydrogenation selectivity (Figure 4.9).  These observations suggest that the 

ensemble effect plays an important role in determining the catalytic properties of Pd−Au 

catalysts for selective HCOOH decomposition. 

4.3.3 HCOOH-TPD from Pd−Au Surfaces 

The interactions of HCOOH with transition metal surfaces have been extensively 

studied using HCOOH-TPD as reviewed by Madix,
151

 Barteau,
152

 and Columbia and 

Thiel.
153

  CO2 desorption from metal surfaces during HCOOH decomposition is 

typically a reaction-limited process, i.e., CO2 desorbs immediately upon formation.
153

  

Thus, the catalytic activities of metal surfaces for HCOOH decomposition are frequently 

characterized by the desorption temperature of CO2, where lower temperatures for CO2 

desorption are indicative of higher activities for HCOOH decomposition.
151-152

  The 

interactions of HCOOH with low-index single-crystal surfaces of Pd have been 

investigated.
154-159

  It was reported that the temperature for CO2 desorption from 

HCOOH decomposition is ∼240−260 K on the Pd(111) surface,
154-155

 ∼237 K on the 

Pd(110) surface,
156

 and ∼180 K on the Pd(100) surface.
157

  These results suggest that 

the reactivity of Pd surfaces for HCOOH decomposition is sensitive to the arrangement 

of surface Pd atoms and the (100) facet is the most active among these structures. 

Figure 4.11 shows the TPD spectra for various species following adsorption of 2.6 

ML of HCOOH on the clean Au(111) surface and annealed 2 ML Pd/Au(111) surface. 
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Figure 4.11. TPD spectra of HCOOH from the (a) Au(111) and (b) Pd−Au surfaces. The 

Pd−Au surface was prepared by depositing 2 ML of Pd onto the Au(111) 

surface at a surface temperature (TS) of 77 K followed by annealing to 500 

K in ultrahigh vacuum. Each surface was dosed with ∼2.6 ML of HCOOH 

at TS = 77 K. Heating rate was 1 K/s. Panels a and b have the same ordinate 

scale. 

 

As shown in Figure 4.11a, the desorption spectrum for the parent mass of 

HCOOH (m/z
+
 = 46) from the Au(111) surface displayed peaks at 154 and 180 K, which 

are due to desorption of multilayer and monolayer HCOOH, respectively (Figure 4.2). 
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We suggest that the observed m/z
+
 = 44 and 28 signals originate from the mass fragments 

of HCOOH rather than from formation of CO2 and CO because of the following: (1) the 

desorption temperatures of m/z
+
 = 44 and 28 signals line up with those of the m/z

+
 = 46 

and 29 (the most intense mass fragment of HCOOH), and (2) the ratios of integral 

intensities of these QMS signals are similar to those obtained from the HCOOH beam 

impingement onto the inert flag.  No measurable H2 (m/z
+
 = 2) desorption was observed 

during TPD from the HCOOH-precovered Au(111) surface.  As mentioned earlier, the 

observed signal for m/z
+
 = 18 was due to the water impurity in HCOOH.  Results in 

Figure 4.11a confirm that the Au(111) surface is inactive for HCOOH decomposition 

during TPD measurements, which is also consistent with observations from the HCOOH-

RMBS experiment on the clean Au(111) surface (Figure 4.6) and with reports that 

HCOOH interacts weakly with the clean Au(111) surface using XPS and RAIRS.
160

 

TPD spectra of HCOOH from the Pd−Au surface were measured under the same 

set of conditions (Figure 4.11b).  Significant attenuation of the desorption feature for the 

HCOOH monolayer at ∼180 K indicates that HCOOH decomposed on this surface.  The 

small peak in the m/z
+
 = 28 signal at ∼450 K is due to desorption of CO adsorbed on the 

surface from the background gas
48

 or from decomposition of HCOOH.  It is noted that 

the m/z
+
 = 44 spectrum is dissimilar from the m/z

+
 = 46, 29, and 28 spectra.  The 

pronounced signal for m/z
+
 = 44 at ∼180 K shows that CO2 molecules evolved from the 

Pd−Au surface during heating.  CO2 evolution observed here is a reaction-limited 

process rather than a desorption-limited process as CO2 molecules desorb at much lower 
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temperatures from Au(111)
161

 and Pd(111) surfaces.
162

  Thus, CO2 desorption occurred 

immediately upon its formation, which was due to decomposition of the reaction 

intermediate(s) such as formate (HCOO) and carboxyl (COOH).
139

  Unfortunately, we 

were unable to identify the reactive intermediate(s) on the Pd−Au surface via RAIRS 

(Figure 4.12) due to the small surface concentration of these intermediates which gave a 

low signal-to-noise ratio.  The temperature of CO2 evolution via HCOOH 

decomposition from the Pd−Au surface (∼180 K) is coincident with that from the 

Pd(100) surface,
157

 which suggests that the Pd−Au surface is comparably active to the 

Pd(100) surface for HCOOH decomposition during heating. 
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Figure 4.12. RAIRS spectra of HCOOH on Au(111) and Pd/Au(111). The Pd/Au(111) 

surface was prepared by depositing 2 ML of Pd onto the Au(111) surface at 

a surface temperature (TS) of 77 K followed by annealing to 500 K in UHV 

for 10 min. ~2.6 ML of HCOOH was dosed onto each surface by impinging 

a beam of HCOOH at TS = 77 K. The surface was then heated to the 

indicated temperature and rapidly cooled to 77 K before collecting each 

spectrum. All spectra were taken at TS = 77 K and averaged from 512 scans 

with a resolution of 4 cm
-1

. 
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4.4 CONCLUSIONS 

We conducted a model catalyst study to investigate the reactivity of HCOOH on a 

variety of Pd−Au bimetallic surfaces using temperature-programmed desorption and 

reactive molecular beam scattering.  Our results reveal that Pd atoms are the active 

component for HCOOH decomposition on the Pd−Au alloy surface.  The selectivity of 

the reaction is governed by the type of the nearest neighbor atoms adjacent to the Pd 

atoms.  Pd atoms which lack adjacent Au atoms favor dehydration of HCOOH, whereas 

Pd atoms that possess Au atoms as nearest neighbors favor dehydrogenation of HCOOH, 

which is desirable for efficient production of hydrogen.  These observations suggest that 

the reactivity and selectivity of HCOOH decomposition on Pd−Au bimetallic catalysts 

could be optimized by controlling the arrangement of Pd and Au atoms on the surface 

through the ensemble effect.  We believe these findings will be beneficial for the future 

design of Pd−Au bimetallic catalysts for associated reactions including selective HCOOH 

decomposition for hydrogen production and electro-oxidation of HCOOH in the direct 

formic acid fuel cell.
163

  We hope our observations will inspire more advanced surface 

characterization to further investigate the relationship between the catalytic activities and 

the surface nature of Pd−Au surfaces. 
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4.5 APPENDIX 

The turnover frequency for HCOOH dehydrogenation,      
, is defined as the 

number of H2 molecules produced during scattering per catalytic site per unit of time, and 

can be expressed by (eq. 4.1) 

     
 = 

   
 

           
  (eq. 4.1) 

where     

   number of H2 molecules produced during scattering [=] (# of H2) 

                 : number of catalytic sites [=] (# of site) 

                reaction period during scattering [=] (sec) 

The number of H2 molecules produced during scattering,    

 , is proportional to the 

integral area of H2 QMS signals during scattering, and can be expressed as (eq. 4.2) 

   

      

       

   (eq. 4.2) 

where    

 : proportional constant [=] (# of H2) (count)
-1

 (sec)
-1 

         

   integral area of H2 H2 QMS signals during scattering [=] (count) (sec) 

    In catalysis studies, it is always challenging to determine the number of active sites 

on the catalyst surface, raising the difficulty associated with computing the TOF.  Here 

we adopted an approach similar to the method reported by Goodman and coworkers.
17

  

Since the clean (Pd-free) Au(111) surface showed no HCOOH dehydrogenation activity, 

the catalytic sites on Pd/Au(111) surfaces are assumed to consist of surface Pd atoms.  

Accordingly, the      
 can be computed based on the number of surface Pd atoms.  

However, instead of using the initial Pd coverage (which is subject to change due to 

annealing in the preparation procedure),
17

 the number of surface Pd atoms in this study 

were determined by the integral area of H2-TPD. 
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    Assuming the dissociative adsorption of one H2 molecule requires two surface 

catalytic sites (or surface Pd atoms), the number of catalytic sites,      , is equal to twice 

the number of H2 molecules desorbed in H2-TPD, and can be expressed as (eq. 4.3) 

             

   (eq. 4.3) 

where    

 : number of H2 molecules desorbed in H2-TPD [=] (# of H2) 

Similar to the calculation of    

 , the number of H2 molecules desorbed in H2-TPD, 

   

 , is proportional to the integral area of H2 in H2-TPD, and can be expressed as (eq. 

4.4) 

   

      

       

   (eq. 4.4) 

where    

 : proportional constant [=] (# of H2) (count)
-1

 (sec)
-1 

              

   integral area of H2 in H2-TPD [=] (count) (sec) 

We substitute (eq. 4) into (eq. 3) to obtain (eq. 4.5) 

             

       

  (eq. 4.5) 

Then substitute (eq. 5) and (eq. 2) into (eq. 1) to obtain (eq. 4.6) 

     
 = 

   
 

   
  

   
 

   
  

 

     
 (eq. 4.6) 

If the chamber conditions are held constant (e.g., same chamber volume and pumping 

speed…), proportional constants will remain the same for scattering and TPD 

experiments 

   

 =    

    (eq. 4.7) 

Finally, (eq. 5.6) can be further simplified to give (eq. 5.8) 

     
 = 

   
   ⁄

   
   

  (eq. 4.8) 
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In this study, we used (eq. 4.8) to compute      
 based on the integral area ratio of H2 

QMS signal in the scattering experiment to that in the TPD measurement. 

The validity of (eq. 4.8) was also confirmed by comparing the      
value to the 

         value that was alternatively obtained using the estimated HCOOH 

conversion.  Two methods should give values for      
and          within an 

order of magnitude.  Here we take the annealed 1 ML Pd/Au(111) surface as an 

example.  The estimated HCOOH conversion is ~0.7% on the annealed 1 ML 

Pd/Au(111) surface (with the HCOOH flux rate of ~5 × 10
14

 molecules cm
-2

 sec
-1

 or 0.36 

ML/sec).  Since annealing a 0.9 ML Pd/Au(111) surface at 500 K causes the Au LEISS 

signal reaching the value of 78% of its bulk value due to interdiffusion of Pd adatoms,
88

 

we assume the surface Pd coverage on the annealed 1 ML Pd/Au(111) surface is ~0.22 

ML.  Therefore, the          is estimated to be ~0.011 HCOOH site
-1

 sec
-1

 [(0.36 

ML/sec) × (0.7%) / (0.22 ML)].  This          value is in a reasonable range with 

the computed      
 (~0.006 H2 site

-1
 sec

-1
), thus verifying the validity of (eq. 4.8). 
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Chapter 5: Oxygen Activation and Reaction on Pd−Au Bimetallic 

Surfaces* 

 

5.1 INTRODUCTION 

The study of bimetallic catalysts is important in the field of heterogeneous 

catalysis as bimetallics often exhibit physicochemical properties that are distinctly 

different from those of the parent metals.  These properties provide the potential to 

design catalysts with enhanced activity, selectivity, and stability.
4-5

  As one of the most 

extensively studied bimetallic systems, Pd−Au catalysts have displayed promising 

performance in a number of oxidative chemical reactions including CO oxidation,
13-14

 

acetoxylation of ethylene to vinyl acetate,
16-17

 selective oxidation of alcohol to aldehyde
18, 

57-58
 and the direct synthesis of hydrogen peroxide from hydrogen and oxygen.

34, 59
  A 

molecular-level understanding of how oxygen molecules interact with Pd−Au surfaces 

(e.g., adsorption, dissociation, and desorption) would be informative for the optimization 

of Pd−Au catalysts employed for these reactions and other reactions involving oxygen. In 

model catalyst studies, reactions are normally investigated on well-defined single-crystal 

surfaces under ultrahigh vacuum (UHV) conditions, which enable the correlation of 

catalytic properties to surface structures at the molecular level.
4-8, 10-11

 

                                                 
* Yu, W.-Y.; Zhang, L.; Mullen, G. M.; Henkelman, G.; Mullins, C. B., Oxygen Activation and Reaction 

on Pd–Au Bimetallic Surfaces. J. Phys. Chem. C 2015, 119, 11754-11762. 

W.-Y. Yu, G. M. Mullen and C. B. Mullins conceived and designed experiments. W.-Y. Yu, L. Zhang, G. 

M. Mullen, G. Henkelman and C. B. Mullin analyzed and discussed results, and commented on the 

manuscript. L. Zhang performed theoretical calculations. W.-Y. Yu performed experiments, analyzed data 

and wrote the paper. 
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Interactions of oxygen with the Pd(111) single-crystal surface have been studied 

extensively.
164-170

  It was reported that oxygen molecularly chemisorbs on the Pd(111) 

surface at the temperature of 80 K.
166

  High-resolution electron energy loss spectroscopy 

(HREELS)
166, 168

 showed that chemisorbed oxygen molecules exist in three molecular 

states that exhibit different vibrational frequencies of O−O stretching due to varying 

degrees of electron transfer from the surface into the oxygen molecule.  At low 

coverages (dosed by small exposure of molecular oxygen), adsorbed oxygen molecules 

dissociate into oxygen adatoms at ~180−200 K,
166-168

 which recombine and desorb from 

the Pd(111) surface at temperatures higher than 600 K in temperature-programmed 

desorption (TPD) measurements.
165, 167

  The direct desorption of oxygen admolecules 

(without dissociation into oxygen adatoms) was observed when molecular oxygen was 

dosed on the Pd(111) surface at high coverages.
165, 167

  Three molecular desorption 

features with peak temperatures of ~125, 150 and 200 K were observed,
167

   which are 

consistent with the three molecular states characterized in HREELS spectra.
166, 168

  In 

contrast to the ease of activation on Pd single-crystal surfaces, it is well-accepted that 

oxygen molecules do not readily activate (or dissociate) on clean Au single-crystal 

surfaces.
10, 171

 

Recently the interaction of oxygen with Pd−Au bimetallic model surfaces has 

been studied both experimentally
39, 42, 47

 and theoretically.
150, 172-182

  For example, Tysoe 

and co-workers
47

 have investigated the interaction of oxygen with Au/Pd(100) surfaces 

with various surface compositions using O2-TPD.  Following oxygen exposure at 80 K, 
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direct desorption of oxygen admolecules was observed at 114 and 179 K, and 

recombinative desorption of oxygen adatoms was detected at ~750 K during heating.
47

  

The coverage of oxygen adatoms was reported to decrease as the gold coverage was 

increased.
47

  The reaction with CO to form CO2 is commonly used to probe the 

reactivity of surface oxygen on Pd−Au model surfaces.
39, 42, 47, 172, 175-176, 178, 180-182

  By 

combining reaction kinetics measurements and polarization-modulation infrared 

reflection spectroscopy (PM-IRAS) characterizations, Gao et al.
39

 reported that neither 

Au nor isolated Pd sites on the AuPd(100) surface are capable of dissociating oxygen 

molecules.  Contiguous Pd sites are required for O2 dissociation, which in turn accounts 

for a high CO oxidation activity over the AuPd(110) surface.
39

 

In this study, we combine experimental and theoretical methods to investigate the 

activation of oxygen and its reaction with CO on Pd/Au(111) bimetallic surfaces.  The 

adsorption of oxygen molecules was studied by King−Wells measurements, in which an 

O2 beam was impinged onto a variety of Pd/Au(111) surfaces at 77 K.  These surfaces 

were physically characterized employing Auger electron spectroscopy (AES) and 

reflection-absorption infrared spectroscopy (RAIRS) using CO as a probe molecule.  

The interactions of oxygen admolecules with Pd/Au(111) surfaces (i.e., desorption and 

dissociation) were then investigated using O2-TPD.  The energy for O2 desorption and 

energy barrier for O2 dissociation on Pd/Au(111) surfaces with Pd ensembles of various 

sizes were calculated via DFT methods. CO-RMBS was used to probe the reactivity of 

oxygen species on Pd/Au(111) surfaces by monitoring CO2 production.  Finally, 
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possible reaction mechanisms (i.e., associative and dissociative pathways) for CO 

oxidation on Pd/Au(111) surfaces were discussed in terms of the Pd ensemble size using 

DFT calculations. 

5.2 EXPERIMENTAL AND COMPUTATIONAL METHODS 

5.2.1 UHV Experiments 

All experiments in this study were performed in an UHV chamber that has been 

described in detail previously.
48, 84, 86

  Briefly, the chamber is equipped with an Auger 

electron spectrometer (Physical Electronics 10-500), a quadrupole mass spectrometer 

(Extrel C-50), and a Fourier transform infrared spectrometer (Bruker Tensor 27) 

combined with a mercury−cadmium−telluride (MCT) detector (Infrared Associates), as 

well as nozzles and apertures for generating two separate molecular beams. 

The Au(111) single-crystal sample is a circular disk (Princeton Scientific, 12 mm 

in diameter × 2 mm thick) held in place by a Mo wire fitted around a groove cut into the 

side of the sample.  This wire is also used to resistively heat the sample and provide 

thermal contact between the sample and a liquid nitrogen bath for cooling.  The 

temperature of the sample was measured with a K-type (Alumel−Chromel) thermocouple 

placed into a small hole in the edge of the disk-shaped sample.  The Au(111) surface 

was periodically cleaned by Ar ion bombardment (2 keV), carried out at room 

temperature, followed by an anneal to 800 K. The cleanliness of the surface was verified 

by AES with a beam energy of 3 keV and emission current of 1.5 mA. 
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Pd−Au bimetallic model surfaces were prepared by depositing ~2.9 monolayer 

(ML) of Pd atoms from a homemade thermal evaporator onto the Au(111) surface at 77 

K followed by annealing to a specified temperature for 10 min.
48-50

  The growth of the 

Pd overlayer on the Au(111) surface at 77 K is believed to obey a layer-by-layer 

mechanism, and upon annealing surface Pd atoms can diffuse into the bulk of the 

Au(111) surface, forming a Pd−Au alloy at the surface.
88

  The deposition rate of Pd in 

this study was calibrated with a quartz crystal microbalance (QCM) controller (Maxtek 

Inc.) assuming the thickness of 1 ML Pd equals 0.274 nm. 

The adsorption of oxygen molecules on Pd−Au surfaces that were annealed to 

various temperatures (500-675 K) was investigated by King and Wells measurements.
87, 

116-117, 183
  A neat O2 molecular beam with a translational energy of ∼0.1 eV was first 

impinged on the stainless steel inert flag to establish a baseline.  The beam was then 

impinged on the annealed Pd/Au(111) surface at a surface temperature of 77 K.  The O2 

QMS signal (m/z
+
 = 32) was monitored during the King−Wells measurements. 

Reflection absorption infrared spectroscopy using CO as a probe molecule (CO-

RAIRS) was used to characterize the annealed Pd−Au surfaces.  The Pd−Au surface 

was first heated to 500 K at 1 K/s to desorb any surface contaminants such as CO.  After 

the sample had cooled to 77 K, an IR background scan was taken.  Saturation coverage 

of CO was dosed by a molecular beam of CO with the sample held at 77 K.  The IR 
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spectrum of saturated CO adsorbed on the surface was taken at 77 K.  All spectra were 

averaged from 512 scans with a resolution of 4 cm
−1

. 

For O2-TPD and CO-RMBS experiments, the Pd−Au bimetallic surface was 

generated by depositing 2.9 ML Pd on the Au(111) surface followed by annealing to 500 

K for 10 min.  This surface consists of ~77% Pd and ~23% Au based on low-energy 

ion-scattering spectroscopy (LEISS) characterizations.
88

  In O2-TPD measurements, 

oxygen was dosed by impinging an O2 beam on the Pd−Au surface at 77 K.  The surface 

was then heated at a rate of 1 K/s while m/z
+
 = 32 (O2) was monitored by QMS.  For 

CO-RMBS experiments, the Pd−Au surface was first saturated with oxygen at 77 K by 

backfilling the chamber with 1 langmuir (L; 1 L = 1 × 10
−6

 Torr-s) of O2 through a leak 

valve.  The oxygen-precovered Pd−Au surface was then heated to a specific temperature 

(77−250 K) prior to CO beam impingement. QMS signals of m/z
+
 = 32 (O2), 44 (CO2) 

and 28 (CO) were simultaneously monitored during CO-RMBS experiments. 

5.2.2 DFT Calculations 

All DFT calculations were performed with the Vienna ab initio simulation 

package.
184-187

  The interaction between the ionic core and the valence electrons was 

described by the project augmented wave method,
188

 and the valence electrons were 

described with a plane-wave basis up to an energy cutoff of 300 eV.
189-190

  The energy 

cutoff was increased to 400 eV to test for convergence, and the O2 dissociation barrier on 

Au was found to vary by less than 0.005 eV.  The exchange correlation contribution to 
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the total energy functional was determined using the Perdew−Burke−Ernzerhof (PBE) 

generalized gradient approximation functional.
191

  The location and energy of the 

transition states were calculated with the climbing-image nudged elastic band method.
192-

193
  The gold surface was modeled as a four-layer 4×4 Au(111) slab with the bottom two 

layers fixed and 10 Å of vacuum.  The Pd-decorated Au(111) surfaces in this study are 

modeled by replacing Au atoms on the top layer of the Au(111) slab with various Pd 

ensembles, as illustrated in Figure 5.1.  The Brillouin zone was sampled using a 3×3×1 

Monkhorst−Pack k-point mesh.
194

  The convergence criteria for the electronic structure 

and the atomic geometry were 10
−5

 eV and 0.01 eV/Å, respectively.  The binding 

energies of O2 and CO on the surface are referenced to the gas-phase O2 and CO 

molecules, respectively. 

 

Figure 5.1. Top views of Pd/Au(111) surfaces considered in DFT calculations. The 

yellow and blue balls represent Au and Pd atoms, respectively. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Adsorption of Oxygen on Pd−Au Surfaces 

In this study, the adsorption of oxygen molecules on Pd−Au surfaces was 

investigated by King−Wells measurements.  Figure 5.2 shows the O2 QMS signal 

during a series of King−Wells measurements in which an O2 beam was impinged onto the 

2.9 ML Pd/Au(111) surface that was previously annealed to various temperatures (i.e., 

500−675 K).  The O2 molecular beam was first impinged onto the inert flag that was 

held in front of the sample surface for 5 s (from 10 to 15 s) to establish a baseline signal 

(all O2 molecules scattering from the inert flag).  After removing the inert flag, the beam 

was impinged onto the Pd−Au surface that was held at 77 K for 30 s (from 15 to 45 s).  

The measurement was also conducted on the clean (Pd-free) Au(111) surface and is 

included for comparison. 

When the O2 beam was impinged on the inert flag, a constant O2 QMS signal was 

detected due to scattering of the beam with negligible adsorption on the sample.  After 

the removal of the inert flag, a constant O2 QMS signal was observed from the clean 

Au(111) surface, signifying no oxygen adsorption (or uptake) occurred on the clean 

Au(111) surface. 
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Figure 5.2. King−Wells measurements of an O2 beam impinging on Au(111) and 

annealed 2.9 ML Pd/Au(111) surfaces at a surface temperature of 77 K.  

The O2 uptake on each surface is proportional to the shaded area indicated in 

each curve. 

 

For the Pd/Au(111) surface annealed to 500 K, the intensity of the O2 QMS signal 

was initially lower than that observed for impingement onto the inert flag due to the 

adsorption of oxygen on the surface.  Since no oxygen uptake was observed on the 

Au(111) surface, it is proposed that the adsorption sites for oxygen on the annealed 

Pd/Au(111) surface consist of Pd surface atoms.  It has been reported that with exposure 

to oxygen molecules at 100 K oxygen adsorbs molecularly on the Pd(111) surface and the 

dissociation of oxygen admolecules occurs at temperatures of ~180−200 K.
167

  

Accordingly, the oxygen adsorption on the Pd−Au surface observed here is likely 

molecular adsorption without dissociation.  The initial sticking probability of oxygen is 
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~0.43 for the Pd/Au(111) surface annealed at 500 K.  The sticking probability 

eventually decreases to zero (where the intensity of the O2 QMS signal from the sample 

surface became nearly identical with that from the inert flag) as adsorbed oxygen 

saturated the Pd−Au surface. 

When the Pd/Au(111) surface was progressively annealed to higher temperatures 

(550-675 K), the time to saturate the surface with oxygen molecules gradually reduced, 

indicative of less oxygen uptake since the flux of the O2 beam was kept constant for all of 

these measurements.  The uptake of oxygen on each surface during the King−Wells 

measurements is proportional to the magnitude of integral of the intensity of the O2 QMS 

signal from the sample surface using the intensity of the O2 QMS signal from the inert 

flag as a baseline.  Relative to the Pd/Au(111) surface annealed at 500 K, the oxygen 

uptake for Pd/Au(111) surfaces annealed to 550, 600 and 650 K reduced to ~75%, 49% 

and 2%, respectively.  The oxygen uptake was negligible on the Pd/Au(111) surface that 

was annealed at 675 K. 

The oxygen uptake on the Pd−Au surface is correlated with the concentration of 

surface Pd atoms.  We characterized the relative surface compositions for annealed 

Pd/Au(111) surfaces by AES.  Figure 5.3 shows the AES spectra of as-prepared and 

annealed 2.9 ML Pd/Au(111) surfaces. 
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Figure 5.3.  AES spectra of as-prepared and annealed 2.9 ML Pd/Au(111) surfaces. 

 

As the annealing temperature was increased, the Pd AES signal intensity was 

attenuated and the Au AES signal intensity was enhanced, which has been previously 

observed by Koel and co-workers.
88

  This effect is attributed to diffusion of surface Pd 

atoms into the subsurface of the Au(111) single-crystal sample during the annealing 

process.
88

 

The oxygen uptake during King−Wells measurements as a function of the Pd/Au 

AES signal intensity ratio of each annealed surface is illustrated in Figure 5.4.  The 

oxygen uptake is linearly proportional to the Pd/Au AES signal intensity ratio for all 

surfaces except those that were annealed at 650 and 675 K.  This deviation suggests that 

other surface properties (e.g., arrangement of Pd and Au surface atoms) may also 
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influence the oxygen uptake on the Pd−Au surface, and oxygen uptake may not simply be 

a function of the concentration of Pd atoms on the Pd/Au(111) surface. 

 

Figure 5.4. Oxygen uptake during King−Wells measurements on annealed 2.9 ML 

Pd/Au(111) bimetallic surfaces versus Pd(333 eV)/Au(74 eV) AES intensity 

ratio. 

 

The annealed Pd/Au(111) surfaces were further characterized by RAIRS using 

CO as a probe molecule (CO-RAIRS).  CO-RAIRS has been extensively employed to 

characterize the surface properties and structures of the Pd−Au model surface.
17, 39, 48, 89, 93, 

118
  The type of adsorption site occupied by CO (e.g., atop sites, 2-fold or 3-fold bridge 

sites) can be inferred by the intramolecular CO stretch frequency (νCO) as a result of 

varying degrees of π-antibonding backdonation from the surface electrons.
90

  Figure 5.5 
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shows the RAIRS spectra for saturated CO adsorbed on the clean Au(111) and annealed 

2.9 ML Pd/Au(111) surfaces at 77 K. 

 

Figure 5.5. RAIRS spectra of saturated CO on Au(111) and annealed 2.9 ML 

Pd/Au(111) bimetallic surfaces taken at a surface temperature of 77 K. 

 

For the clean Au(111) surface, only one vibrational band at ~2107 cm
-1

 was 

observed, which is associated with CO bound to atop Au sites.
39, 89, 92-93, 118

  The 

Pd/Au(111) surface annealed at 500 K displayed two IR features at ~2087 and ~1977 cm
-

1
, which have been assigned to atop CO on isolated Pd sites (or Pd monomer) and bridged 

CO on contiguous Pd sites, respectively.
39, 89, 93, 118

  Increasing the annealing temperature 

resulted in the attenuation of IR signal associated with bridged CO on contiguous Pd sites 

(νCO = ∼1977 cm
−1

) and intensification of signal associated with CO atop on isolated Pd 

sites (νCO = ∼2087 cm
−1

).  The IR band due to bridged CO on contiguous Pd sites 
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became relatively small for the Pd/Au(111) surfaces annealed at 650 K and disappeared 

when annealed at 675 K.  Considering the CO-RAIRS spectra (Figure 5.5) and oxygen 

uptake (Figure 5.4), it suggests that the presence of contiguous Pd sites on the Pd−Au 

surface is crucial for adsorption of oxygen molecules. 

These experimental observations are conceptually consistent with our DFT 

calculations of oxygen adsorption.  The binding energy of an oxygen molecule as a 

function of Pd ensemble size on Pd/Au(111) surfaces is presented in Figure 5.6. 

 

Figure 5.6. Calculated binding energies of the oxygen molecule adsorbed on 

Pd/Au(111) surfaces. Inset shows the top views of adsorption configuration 

images, in which yellow, blue and red balls represent Au, Pd and O atoms, 

respectively. 
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As shown in the inset of Figure 5.6, molecular oxygen binds on the fcc hollow 

site aligned in a top-hollow-bridge (t-h-b) geometry on these surfaces, except for the Pd2-

Au(111) surface, where the oxygen molecule bridges on two Pd atoms.  The calculated 

binding energy for the oxygen molecule on the Au(111) surface is 0.34 eV.  With the 

presence of the Pd monomer, the binding energy decreases to 0.11 eV on the 

Pd1−Au(111) surface.  These positive values of binding energy indicate that the 

adsorption of oxygen molecule is energetically unfavorable on the clean Au(111) and 

Pd1−Au(111) surfaces.  The binding energy of the oxygen molecule reduces to the 

negative value of -0.17 eV on the Au(111) surface with a Pd dimer (i.e., Pd2−Au(111) 

surface), which supports our experimental observation of the importance of contiguous 

Pd sites for adsorption of oxygen molecules on the Pd−Au surface.  These results are 

also consistent with previous DFT reports, in which the effects of Pd ensembles (i.e., 

monomer, dimer and trimer) on adsorption oxygen molecule were investigated using 1 

ML Au/Pd(111)
173

 and Au(111) surfaces
178

 as substrates.  The binding energy of the 

oxygen molecule on the Pd/Au(111) surface gradually decreases as the Pd ensemble size 

increases.  For the Au(111) surfaces fully covered by 1 ML of Pd overlayer, the 

calculated binding energy of the oxygen molecule is -0.83 eV, indicating that the oxygen 

molecule binds more strongly to this surface than to other Pd/Au(111) surfaces. 
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5.3.2 Desorption of Oxygen from Pd−Au Surfaces 

The interaction of oxygen with the Pd−Au surface was investigated via O2-TPD 

as shown in Figure 5.7.  The Pd−Au surface was generated by depositing 2.9 ML Pd 

onto the Au(111) surface at 77 K followed by annealing at 500 K.  Dosing of O2 was 

achieved by impinging a molecular beam of O2 onto the surface at 77 K prior to heating.   

 

Figure 5.7. TPD of saturated O2 from the Pd/Au(111) bimetallic surface. Inset shows 

the TPD of various coverages of O2 from the same surface. The heating rate 

was 1 K/s. 

 

O2-TPD has been extensively studied on the Pd(111) surface.
164-165, 167-168

  

According to the desorption temperature, two types of oxygen desorption processes have 

been identified from the Pd(111) surface:
167

 associative desorption (or recombinative 

desorption of oxygen adatoms; peak temperature at ~800 K) and molecular desorption (or 
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direct desorption of oxygen admolecules; peak temperatures at ~200, 150, and 125 K).  

In Figure 5.7, the oxygen desorption peak ended at ~220 K, and no other feature was 

observed during heating to 800 K.  These results suggest that oxygen admolecules 

desorb molecularly from the Pd−Au surface without detectable dissociation into oxygen 

adatoms.  It is noted that the Pd/Au(111) surface that was generated by annealing at 500 

K undergoes significant changes when the temperature is heated to above 500 K (as 

shown in AES (Figure 5.3) and CO-RAIRS (Figure 5.5) characterizations), which 

increases the difficulty of investigating the phenomena for recombinative desorption of 

oxygen adatoms during heating.  Nevertheless, it is clear that the surface concentration 

of oxygen adatoms from dissociation of oxygen molecules (if any) is not sufficient to 

detect via O2-TPD.  The inset in Figure 5.7 shows desorption of oxygen molecules with 

various coverages from the Pd−Au surface. In these TPD measurements, various 

coverages of oxygen were dosed onto the same Pd−Au surface at 77 K followed by 

heating to 500 K.  To more clearly visualize desorption peaks, the obtained spectra were 

plotted within the temperature range between 77 and 300 K (no oxygen desorption was 

observed when the temperature was higher than 300 K) as shown in the inset of Figure 

5.7.  In contrast with the sharp features in molecular oxygen desorption observed from 

the Pd(111) surface,
167

 the desorption peaks for oxygen molecules from the Pd−Au 

surface are relatively broad, which is likely due to the relatively high degree of 

heterogeneity of the annealed Pd/Au(111) surface in comparison to that of the Pd(111) 

surface. 
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The competition between desorption and dissociation of the molecular oxygen on 

Pd−Au surfaces upon heating was also explored by DFT calculations.  Figure 5.8 

represents the energy for desorption and energy barrier for dissociation of an oxygen 

molecule on Pd/Au(111) surfaces as a function of Pd ensemble size.  The corresponding 

potential energy diagram is shown in Figure 5.9.  It is noted that the energy for 

desorption of the oxygen admolecule is essentially the negative value of the binding 

energy shown in Figure 5.6. 

 

Figure 5.8. Energy for desorption and energy barrier for dissociation of an oxygen 

molecule adsorbed on Pd/Au(111) surfaces as determined by DFT 

calculations. 

 

As shown in Figure 5.8, the energy for desorption of an oxygen admolecule (i.e., 

O2(ad) → O2(g)) gradually increases from 0.17 to 0.44 eV as the Pd ensemble on the 
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Au(111) surface changes from a dimer to a hexamer.  On the other hand, the energy 

barrier for dissociation of an oxygen admolecule (i.e., O2(ad) → 2O(ad)) decreases from 

1.11 to 0.64 eV under the same conditions.  It is noted that the energy for desorption is 

smaller than the energy barrier for dissociation on each of these Pd/Au(111) surfaces.  

Furthermore, it has been reported that the desorption prefactor (νdes) is usually 

significantly larger than the dissociation prefactor (νdiss) for a molecular adsorbate (νdiss = 

~10
-3

 νdes).
195

  Accordingly, desorption of O2 is favored over its dissociation on these 

Pd/Au(111) surfaces.In other words, upon heating the oxygen admolecule would prefer to 

desorb from the surface at the temperature below its dissociation temperature.  These 

results are in good agreement with our O2-TPD observations (Figure 5.7), in which 

molecular desorption of oxygen was observed but the recombinative desorption of atomic 

oxygen that comes from dissociation was undetectable.  As shown in Figure 5.8, the 

dissociation of an oxygen admolecule becomes energetically favorable over desorption 

when larger Pd ensembles (e.g., consisting of nine Pd atoms) are present on the Au(111) 

surface.  For the Au(111) surface covered by 1 ML of Pd (i.e., the Pd1ML/Au(111) 

surface), the calculated energy barrier for dissociation of an oxygen admolecule (0.3 eV) 

is much lower than the energy for desorption of an oxygen admolecule (0.83 eV).  This 

is consistent with the observation that low coverages of oxygen admolecules can 

completely dissociate into oxygen adatoms on the Pd(111) surface.
167
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Figure 5.9. Predicted potential energy diagram for O2 desorption and dissociation on 

Pd/Au(111) surfaces. Inset shows the corresponding images for initial, 

transition (TS) and final (FS) state configurations (using Pd6-Au(111) 

surface as a example). Yellow, blue and red balls represent Au, Pd and O 

atoms, respectively. 

 

5.3.3 Reaction of Oxygen and CO on Pd−Au Surfaces 

The reaction with CO to form CO2 has been used to experimentally probe the 

reactivity of surface oxygen on Pd−Au model surfaces.
39, 42, 47

  In this study, the 

reactivity of molecular oxygen adsorbed on the Pd/Au(111) surface upon heating was 

assessed by CO-RMBS via monitoring CO2 production.  CO-RMBS experiments were 



116 

 

conducted by impinging a molecular beam of CO onto the inert flag for 5 s (from 15 to 

20 s) and then onto the molecular oxygen-precovered Pd−Au surface for 60 s (from 20 to 

80 s) as shown in Figure 5.10.  For these measurements, the Pd−Au surface (generated 

by depositing 2.9 ML Pd onto the Au(111) surface at 77 K followed by annealing at 500 

K) was presaturated with molecular oxygen at 77 K and then heated to a specific 

temperature (77−250 K) prior to CO beam impingement.  The measured O2 and CO2 

QMS signals are depicted in Figures 5.10(a) and 5.10(b), respectively. 

As expected, neither O2 nor CO2 QMS signals were detected when the CO beam 

was impinged onto the inert flag.  When the CO beam struck the oxygen-precovered 

Pd−Au surface at 77 K, a peak in the O2 QMS signal emerged (Figure 5.10(a)), indicating 

that impingement of CO onto the surface caused evolution of O2.  This O2 evolution is 

likely due to the competitive adsorption of CO on the surface sites, which displaces the 

preadsorbed O2 into the gas phase.  Since no measurable O2 adsorption was detected 

when an O2 beam struck the CO-presaturated Pd−Au surface at 77 K (Figure 5.11), we 

speculate that the adsorption strength of CO on the surface is much stronger than that of 

O2.  This suggestion is also supported by DFT calculations in which the binding of CO 

(Figure 5.12) to Pd/Au(111) surfaces is found to be stronger relative to that of O2 (Figure 

5.6).  The oxygen evolution decreased in intensity when the Pd−Au surface was 

preheated to 120 K, which is likely due to desorption of O2 during heating (Figure 5.7) 

before CO beam impingement.  The intensity of oxygen evolution decreased further as 

the surface was preheated and held at higher temperatures (180−250 K). 
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Figure 5.10. (a) O2 (m/z
+
 = 32) and (b) CO2 (m/z

+
 = 44) QMS signals during CO-RMBS 

on the oxygen-presaturated Pd/Au(111) bimetallic surface at various surface 

temperatures. 
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Figure 5.11. O2 (m/z
+
 = 32) QMS signals during King−Wells measurements of an O2 

beam impinging on the clean and CO-presaturated 500 K-annealed 2.9 ML 

Pd/Au(111) bimetallic surfaces at 77 K. 

 

Figure 5.12. Calculated binding energies of the CO adsorbed on Pd/Au(111) surfaces. 

Inset shows the top views of adsorption configuration images, in which 

yellow, blue and red balls indicate Au, Pd and O atoms, respectively. 
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As shown in Figure 5.10(b), no CO2 signal was detected when the CO beam was 

impinged onto the oxygen-precovered Pd−Au surface held at temperatures ranging from 

77 to 150 K.  These results show that the surface oxygen species is inactive to react with 

CO to form CO2 within this temperature range (77-150 K).  A small peak in CO2 

production was observed when the CO beam struck the oxygen-precovered Pd−Au 

surface at 180 K, suggestive of the thermal activation of adsorbed oxygen molecules.  It 

is noted that the CO2 peak emerged at ~24 s, which is ~4 s after CO beam impingement 

which began at 20 s.  This is likely due to the site blocking from oxygen and hydrogen 

impurities (from adsorption of background gas that is intrinsically present in our UHV 

chamber)
48

 on the Pd−Au surface.  Figure 5.13 shows the QMS signals of O2, CO2, H2 

and CO during a CO-RMBS experiment at 180 K.  The emergence of a CO2 production 

peak was observed after the evolution of O2 and H2 that were induced by CO beam 

impingement.  The phenomena of CO-induced recombinative desorption of H adatoms 

from the Pd/Au(111) surface have been observed previously.
49

 

The CO2 production peak became more significant when the surface was heated 

to higher temperatures (200 and 250 K) prior to CO beam impingement.  As shown in 

Figure 5.7, the process for molecular desorption of adsorbed oxygen ended at a 

temperature of ~220 K.  Accordingly, the CO2 production from the Pd−Au surface 

observed at 250 K is likely due to the reaction of CO with oxygen adatoms rather than 

oxygen admolecules.  This observation suggests dissociation of oxygen admolecules 

could occur on the Pd−Au surface during heating (the amount of oxygen that reacted with 
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CO above 200 K is estimated as ~0.3% of saturation oxygen coverage), which was 

undetected in the O2-TPD measurements in Figure 5.7.  It is noted that oxygen 

admolecules dissociate into oxygen adatoms on the Pd(111) surface at ~180−200 K,
166-168

 

which is coincident with the temperature range in which we observed CO2 production 

from the reaction of CO with oxygen species on the Pd−Au surface in CO-RMBS 

experiments (Figure 5.10(b)). 

 

 

Figure 5.13. O2 (m/z
+
 = 32), CO2 (m/z

+
 = 44), H2 (m/z

+
 = 2) and CO (m/z

+
 = 28) QMS 

signals during CO-RMBS on the oxygen-precovered 500 K-annealed 2.9 

ML Pd/Au(111) surface at 180 K. 
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DFT calculations were performed to examine the influence of the Pd ensemble 

size on the reaction mechanism of CO oxidation on Pd−Au surfaces.  In this study, we 

consider two possible Langmuir−Hinshelwood mechanisms, i.e., dissociative and 

associative mechanisms, as shown in Scheme 1.
176

 

Scheme 5.1. Potential dissociative and associative mechanisms for the reaction of oxygen 

with CO to form CO2.
176

 

 
 

The dissociative and associative mechanisms are different from each other in 

regards to their initial step.  For the dissociative mechanism, the O2 admolecule 

dissociates into O adatoms as the first step (step A).  In the associative mechanism, the 

first step is the bimolecular reaction between the O2 admolecule and adsorbed CO to form 

adsorbed CO2 and an O adatom (step C).  The dissociative and associative mechanisms 

result in the same overall reaction as the second step (step B), i.e., the O adatom reacts 

with adsorbed CO to form adsorbed CO2.
176

 

Figure 5.14 shows the calculated energy barriers for each step in the dissociative 

and associative CO oxidation on Pd/Au(111) surfaces.  The corresponding reaction 

enthalpies are summarized in Table 5.1.  It is noted that the Pd−Au surfaces with a Pd 
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ensemble size of less than four atoms are excluded due to the lack of a capacity for CO 

and O2 coadsorption.  The initial, transition and final state configurations on each 

surface are similar; accordingly, only those on the Pd6−Au(111) surface are illustrated in 

Figure 5.15 as an example. 

 

Figure 5.14. Energy barriers for dissociative and associative CO oxidation on 

Pd/Au(111) surfaces as determined by DFT calculations. 

Table 5.1. Calculated enthalpies for associative and dissociative CO oxidation on 

Pd/Au(111) surfaces.
a
 

Reaction steps 
Pd-decorated Au(111) surfaces 

Pd4- Pd5- Pd6- Pd9- Pd1ML- 

(A) O2(ad) → 2 O(ad) -0.54 -0.94 -1.00 -1.29 -1.86 

(B) O(ad) + CO(ad) → CO2(ad) -1.83 -1.74 -1.13 -0.87 -0.30 

(C) O2(ad) + CO(ad) → CO2(ad) + O(ad) -2.65 -2.44 -2.32 -2.06 n/a 
a
 all energy values are in eV. 
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Figure 5.15. Top views of adsorption configuration images for initial, transition and final 

states for (a) O2(ad) → 2 O(ad), (b) O(ad) + CO(ad) → CO2(ad), and (c) O2(ad) + 

CO(ad) → CO2(ad) + O(ad) on the Pd6-Au(111) surface. Yellow, blue, red and 

grey balls indicate Au, Pd, O and C atoms, respectively. 

 

On the Pd4−Au(111) surface, the energy barriers for O2(ad) → 2O(ad) (step A), O(ad) 

+ CO(ad) → CO2(ad) (step B) and O2(ad) + CO(ad) → CO2(ad) + O(ad) (step C) are 0.74, 0.29 

and 0.25 eV, respectively.  These results suggest that associative CO oxidation is 

favorable on this surface, whereas dissociative CO oxidation is inhibited by a higher 

energy barrier for dissociating the O2 admolecule.  It is worth mentioning that the 

energy for O2 desorption on the Pd4−Au(111) surface is 0.26 eV (Figure 5), which is 
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comparable to the reaction barriers for O(ad) + CO(ad) → CO2(ad) (step B) and O2(ad) + 

CO(ad) → CO2(ad) + O(ad) (step C). 

As the Pd ensemble size increases, the energy barrier for O2 dissociation (step A) 

reduces, while energy barriers for O(ad) + CO(ad) → CO2(ad) (step B) and O2(ad) + CO(ad) → 

CO2(ad) + O(ad) (step C) both increase.  These energy barriers become comparable on the 

Pd9−Au(111) surface, which suggests that CO oxidation could proceed via both 

associative and dissociative pathways on this surface.  As mentioned earlier, the 

dominant oxygen species on the Pd1ML−Au(111) surface is the O adatom rather than the 

O2 admolecule due to a lower energy barrier for O2 dissociation.  Accordingly, 

dissociative CO oxidation is favorable on the Pd1ML−Au(111) surface, which is consistent 

with the experimental observations from the Pd(111) surface.
9, 196-199

 

On the basis of these DFT calculations, a generalization regarding the effect of Pd 

ensemble size on oxygen activation and reaction with CO was derived as follows: for the 

Pd−Au surface containing small Pd ensembles, O2 desorption and associative CO 

oxidation are the two major competing processes, whereas the pathway for dissociative 

CO oxidation is limited by a high energy barrier for O2 dissociation.  On the Pd−Au 

surface with bigger Pd ensembles, the oxygen admolecule dissociates readily and, in turn, 

promotes CO2 formation via the dissociative CO oxidation pathway. 

It is well-accepted that CO oxidation occurs on the Pd(111) surface via a 

dissociative pathway,
9, 196-199

 in which chemisorbed CO reacts with dissociatively 
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adsorbed oxygen to form CO2.  DFT calculations in this study and previous reports
175, 

178
 suggest that CO oxidation could also occur through an associative mechanism on the 

Pd−Au surface containing small Pd ensembles.  Nevertheless, it is noted that an 

associative pathway was not experimentally supported in this study (Figure 5.10(b)), in 

which no CO2 production was detected when the CO beam was impinged onto the 

molecular oxygen-precovered Pd−Au surface at and below 150 K.  This absence of CO2 

production can be explained by the facile CO-induced displacement of O2 (Figure 

5.10(a)) due to significantly higher binding energies of CO relative to those of O2 

(Figures 5.6 and 5.12), which inhibits CO oxidation from proceeding via associative 

mechanism. 
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5.4 CONCLUSIONS 

A model catalyst study combining UHV experiments and DFT calculations was 

performed to investigate the activation and reaction of oxygen molecules on the Pd−Au 

surface.  Results based on O2 King−Wells, CO-RAIRS, and DFT show that the presence 

of contiguous Pd sites is essential for adsorption of oxygen molecules on the Pd−Au 

surface.  Upon heating, the adsorbed oxygen molecules molecularly desorbed from the 

Pd−Au surface (< 220 K) without detectable dissociation (signified by a lack of 

recombinative desorption of oxygen atoms) in O2-TPD experiments.  DFT calculations 

show that as the Pd ensemble size increases on the Pd/Au(111) surface the energy for O2 

desorption increases and the energy barrier for O2 dissociation decreases.  Oxygen 

molecules adsorbed on the Pd/Au(111) surface were readily displaced by CO at lower 

temperatures (77−150 K) due to competitive adsorption on surface sites.  The adsorbed 

oxygen molecule can be thermally activated at higher temperatures (180−250 K) to react 

with CO to form CO2.  On the basis of DFT calculations, dissociative CO oxidation is 

favorable on the Pd−Au surface containing larger Pd ensembles; for the Pd−Au surface 

containing small Pd ensembles, associative CO oxidation and O2 desorption are the two 

competing processes that are both favored over dissociative CO oxidation.  In this study, 

an associative CO oxidation mechanism was not experimentally observed on the Pd−Au 

surface, which could be attributed to the fact that weakly bound O2 desorbs readily by CO 

displacement at low temperatures.  We hope the findings in this study will assist in the 

future design of Pd−Au bimetallic catalysts and their applications to associated reactions. 
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Chapter 6: Effect of Annealing in Oxygen on Alloy Structures of Pd−Au 

Bimetallic Model Catalysts 

 

6.1 INTRODUCTION 

Bimetallic catalysts have received substantial attention as their physicochemical 

properties often differ from those of their parent metals, which hold the promise of 

enhanced activity, selectivity and stability.
4-5

  As one of the most studied bimetallic 

systems, Pd−Au catalysts have displayed promising performance for a broad range of 

catalytic reactions such as CO oxidation,
13-15

 acetoxylation of ethylene to vinyl acetate,
16-

17
 selective oxidation of alcohols,

18-21
 selective hydrogenation of unsaturated 

hydrocarbons,
22-25

 hydrodechlorination (HDC) of chlorinated compounds,
26-28

 

hydrodesulfurization (HDS) of sulfur-containing molecules,
29-30

 decomposition of liquid 

hydrocarbons for H2 production,
31-32

 and the direct synthesis of H2O2 from H2 and O2,
33-38  

It has been suggested that the synergistic effects that are observed for Pd−Au bimetallic 

catalysts originate from the formation of alloy structures (homogeneous or core-shell) 

that could electronically modify the nature of the active sites.
21, 30, 38

 

Recently it was reported that adequate calcination (i.e., annealing in air) can 

efficiently improve the catalytic performance of Pd−Au catalysts.
15, 30, 35-38, 200

  Scanning 

transmission electron microscopy (STEM) imaging showed that calcination can modify 

the alloy structure of Pd−Au nanoparticles.
35-38, 200

  The evolution of the alloy structure 

upon calcination appears to be a complex process as it depends on the calcination 
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temperature,
35-38, 200

 type of support material used,
35-38

 and method of catalyst 

preparation.
37-38  

For instance, with TiO2 as the support material, Pd−Au nanoparticles 

changed from a Pd-rich shell and Au-rich core structure to a homogeneous alloy when the 

calcination temperature was increased from 350 to 700 
o
C.

200
  The structure of Pd−Au 

nanoparticles immobilized on carbon remained as a homogeneous alloy after calcination 

at 450 
o
C, whereas TiO2- and Al2O3-supported Pd−Au nanoparticles transformed into a 

Pd-rich shell and Au-rich core structure.
35

 

A molecular-level investigation of how the structure and composition of Pd−Au 

surfaces change in response to annealing in an oxygen ambient could enhance the 

fundamental understanding of the calcination effect on Pd−Au catalysts.  In model 

catalyst studies, well-defined single-crystal surfaces are prepared under ultrahigh vacuum 

(UHV) conditions and characterized in-situ by surface science techniques, which enable 

surface characterization at the molecular level with minimal environmental interference. 

4-11
 

The evolution of the surface structure and composition of Pd−Au model catalysts 

upon annealing in UHV has been extensively studied.
43-45, 75-76, 88-89, 93-94, 118, 201-204

  For 

example, using low-energy ion-scattering spectroscopy (LEISS), Koel et al.
88

 have shown 

that annealing in UHV causes the diffusion of surface Pd atoms into the subsurface of the 

Au(111) single-crystal (i.e., alloying) at temperatures as low as 240 K.  On the other 

hand, the intermixing of Au with Pd occurred at much higher temperatures (> 600 K) for 

an Au overlayer on the Pd(111) surface.
45, 118

  In contrast to extensive studies of 
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annealing under UHV conditions, very little attention has been paid to experimental 

investigations with annealing Pd−Au model catalysts in an oxygen ambient.  Recently 

the influence of adsorbed oxygen on the segregation of a Pd monomer in the Au(111) 

surface was studied theoretically.
205-206

  By using density functional theory (DFT) 

analyses, Guesmi and co-workers
205

 demonstrated that when oxygen atoms are present on 

the surface, the Pd monomer is energetically more favorable at the topmost layer of 

Au(111) surface than in the subsurface region. 

In this study, we have prepared a variety of Pd−Au surfaces by annealing the 

Pd/Au(111) surface to various temperatures in the absence (UHV) and presence of 

oxygen (1 × 10
-6

 Torr of O2).  These annealed Pd/Au(111) surfaces were characterized 

and compared in order to study the influence of oxygen on the atomic structure of Pd−Au 

bimetallic surfaces.  The composition of the near-surface region of annealed Pd/Au(111) 

surfaces was analyzed via Auger electron spectroscopy (AES).  The effect of surface 

oxygen coverage on total system energy and surface Pd coverage of the 1 ML 

Pd/Au(111) surface was simulated using Basin hopping methods.
207

  The surface 

structures on UHV-annealed and oxygen-annealed Pd−Au surfaces were further 

investigated by reflection-absorption infrared spectroscopy using CO as a probe molecule 

(CO-RAIRS).  King−Wells measurements and temperature-programmed desorption 

(TPD) were conducted to study the interactions of oxygen with annealed Pd/Au(111) 

surfaces.  Finally, the catalytic activities for CO oxidation on UHV-annealed and 
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oxygen-annealed Pd/Au(111) surfaces were compared via reactive molecular beam 

scattering (RMBS) experiments. 

6.2 EXPERIMENTAL AND COMPUTATIONAL METHODS 

6.2.1 Model Catalyst Experiments 

All experiments in this study were performed in an UHV chamber that has been 

described in detail previously.
84, 86

  Briefly, the chamber is equipped with an Auger 

electron spectrometer (Physical Electronics 10-500), a quadrupole mass spectrometer 

(Extrel C-50), a Fourier transform infrared spectrometer (Bruker Tensor 27) combined 

with a mercury-cadmium-telluride (MCT) detector (Infrared Associates), as well as 

nozzles and apertures for generating two separate molecular beams. 

The Au(111) single-crystal sample is a circular disk (Princeton Scientific, 12 mm 

in diameter × 2 mm thick) held in place by a Mo wire fitted around a groove cut into the 

side of the sample.  This wire is also used to resistively heat the sample and to provide 

thermal contact between the sample and a liquid nitrogen bath for cooling.  The 

temperature of the sample was measured with a K-type (Alumel−Chromel) thermocouple 

placed into a small hole in the edge of the disk-shaped sample.  The Au(111) surface 

was periodically cleaned by Ar ion bombardment (2 keV), carried out at room 

temperature, followed by an anneal to 800 K.  The cleanliness of the surface was 

verified by AES with a beam energy of 3 keV and emission current of 1.5 mA. 
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Pd−Au bimetallic model surfaces were prepared by depositing 1.5 monolayer 

(ML) of Pd atoms from a homemade thermal evaporator onto the Au(111) surface at 77 

K followed by annealing in either UHV or in an ambient of O2 at 1 × 10
−6

 Torr to a 

specified temperature for 10 min.
48-51

  The growth of the Pd overlayer on the Au(111) 

surface at 77 K has been suggested to obey a layer-by-layer mechanism,
49

 and upon 

annealing some of the surface Pd atoms can diffuse into the bulk of the Au(111) surface, 

forming a Pd−Au alloy at the surface.
17, 44, 88

  The deposition rate of Pd was calibrated 

with a quartz crystal microbalance (QCM) controller (Maxtek Inc.) assuming a thickness 

of 1 ML Pd equals 0.274 nm. 

CO-RAIRS was used to characterize the structure of annealed Pd/Au(111) 

surfaces.
48-49, 51

  The Pd−Au surface was first heated to 500 K at 1 K/s to desorb any 

surface contaminants such as CO.  After the sample had cooled to 77 K, an IR 

background scan was taken.  A saturation coverage of CO was then delivered by a 

molecular beam of CO with the sample held at 77 K.  The IR spectrum of saturated CO 

adsorbed on the surface was taken at 77 K.  All spectra were averaged from 512 scans 

with a resolution of 4 cm
−1

. 

The adsorption of oxygen molecules on Pd−Au surfaces was investigated by King 

and Wells measurements.
51, 87, 116-117, 183

  A neat O2 molecular beam with a translational 

energy of ∼0.1 eV was first impinged on the stainless steel inert flag to establish a 

baseline.  The beam was then impinged on the annealed Pd/Au(111) surface at a surface 
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temperature of 77 K.  The O2 QMS signal (m/z
+
 = 32) was monitored during these 

King−Wells measurements. 

For O2-TPD and CO-RMBS experiments, the Pd−Au bimetallic surface was 

generated by depositing 1.5 ML Pd atoms on the Au(111) surface followed by annealing 

to 500 K for 10 min in UHV or an oxygen ambient.  In O2-TPD measurements, oxygen 

was dosed by impinging an O2 beam on the Pd−Au surface at 77 K until its saturation.  

The surface was then heated at a rate of 1 K/s while m/z
+
 = 32 (O2) was monitored by 

QMS.  For CO-RMBS experiments, the Pd−Au surface was first saturated with oxygen 

at 77 K by backfilling the chamber with 1 langmuir (L; 1 L = 1   10−6 Torr-s) of O2 

through a leak valve.  The oxygen-precovered Pd−Au surface was then heated to a 

specific temperature (77−250 K) prior to CO beam impingement.  QMS signals of m/z
+
 

= 32 (O2), 44 (CO2) and 28 (CO) were monitored simultaneously during CO-RMBS 

experiments. 

6.2.2 Basin Hopping Simulations 

Basin hopping (BH) simulations were used to study the reorganization process of 

a Pd/Au(111) slab.  The Pd/Au(111) slab was modeled as a five-layer 4 × 4 Au(111) 

slab with the bottom two layers fixed and the top layer initially replaced by a monolayer 

of Pd atoms.  BH simulations on Pd/Au(111) slabs with 200 trials with the presence of 

different oxygen coverages (θO = 0, 0.25 and 0.5) were conducted at 500 K.  For each 
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BH trail, one Pd atom was randomly selected to swap with one of its nearest-neighbor Au 

atoms.  The acceptance probability (π) of each trial step is calculated by (eq. 6.1) 

                           
       

  
               (eq. 6.1) 

in which Ei-1 and Ei are the energies of DFT optimized structures (in eV) before and after 

the ith swapping trial step, k is the Boltzmann constant (8.617 × 10
−5

 eV/K) and T is the 

absolute temperature (in K). 

All DFT calculations were performed with the Vienna ab initio simulation 

package.
184-187

  The interaction between the ionic core and the valence electrons was 

described by the project augmented wave method,
188

 and the valence electrons were 

described with a plane-wave basis up to an energy cutoff of 220 eV.
189-190

  The 

exchange correlation contribution to the total energy functional was determined using the 

Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation functional.
191

  The 

Brillouin zone was sampled using a 2 × 2 × 1 Monkhorst-Pack k-point mesh.
194

  The 

convergence criteria for the electronic structure and the atomic geometry were 10
−4

 eV 

and 0.05 eV/Å, respectively.  A vacuum gap of 12 Å in the Z direction was used to 

avoid interactions from periodic images.  Notably, values for the above computational 

parameters were chosen as a compromise of computational cost and proper physics. 
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6.3 RESULTS AND DISCUSSION 

6.3.1 AES Characterization of Pd/Au(111) Surfaces 

We analyzed the composition in the near-surface region of annealed Pd/Au(111) 

surfaces by AES.  Figures 6.1a and 6.1b show the AES spectra of the as-prepared 

Pd/Au(111) surface and those after annealing the surface to each specific temperature 

(i.e., 500, 550 and 600 K) in either UHV or 1 × 10
−6

 Torr of O2, respectively. 

 

Figure 6.1. AES spectra of as-prepared 1.5 ML Pd/Au(111) surface and those after 

annealing the surface to a specific temperature in (a) UHV and (b) 1 × 10
−6

 

Torr of O2. 
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It is noted that the oxygen-annealed Pd/Au(111) surface typically showed a small 

oxygen signal in their first AES spectra after annealing in oxygen ambient (Figure 6.2).  

This oxygen signal was removed by simply heating to 500 K (Figure 6.2) to yield the 

oxygen-free AES spectra as shown in Figure 6.1b.  We speculate that the presence of an 

oxygen signal on the oxygen-annealed surface was due to adsorption of background 

oxygen during sample cooling rather than formation of stable oxides on the Pd−Au 

surface.  The adsorbed oxygen was weakly bound to the surface as indicated by 

desorption after mild heating. 

  

Figure 6.2. AES spectra of 1.5 ML Pd/Au(111) (a) immediately after annealed in 1 × 

10
−6

 Torr of O2 to 500 K for 10 min, and (b) after heating (a) surface to 500 

K to desorb O2. 

 

The thermal stability of the Pd film deposited on the Au(111) surface in UHV has 

been thoroughly investigated.
44, 48, 88

  Upon annealing under UHV conditions, alloying 



136 

 

occurs (i.e., Pd atoms from the topmost layer diffuse into the subsurface of Au(111) 

sample), which causes an increase in the Au LEISS signal intensity.
88

  As shown in 

Figure 1, intensification of the Au AES signal intensity and attenuation of the Pd AES 

signal intensity were both observed when the Pd/Au(111) surface was annealed in either 

UHV or an oxygen ambient.  These observations suggest that annealing the Pd/Au(111) 

surface in oxygen ambient also results in the interdiffusion of surface Pd atoms into the 

Au(111) sample, the same phenomena observed in the process of annealing in UHV.
44, 48, 

88
 

To further examine the influence of oxygen on the relative composition of 

Pd/Au(111) surfaces, the Pd(333 eV)/Au(74 eV) AES peak-to-peak ratios on the as-

prepared surfaces and those annealed in UHV and oxygen were computed, as shown in 

Figure 6.3. 

  

Figure 6.3. Pd(333 eV)/Au(74 eV) AES intensity ratio of as-prepared and annealed 1.5 

ML Pd/Au(111) bimetallic surfaces. 
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With an annealing temperature of 500 K, the Pd/Au AES ratio on the oxygen-

annealed Pd/Au(111) surface was significantly higher than that on the UHV-annealed 

surface, which suggests that the presence of oxygen can inhibit the diffusion of surface 

Pd atoms into the Au(111) subsurface.  When Pd/Au(111) surfaces were annealed at 

higher temperatures (i.e., 550 and 600 K), the influence of adsorbed oxygen on the Pd/Au 

AES ratio became insignificant.  We note that AES can detect not only the topmost 

layer of the surface but also the atoms in the near-surface region (the mean free path of 

electrons with energies between 10 and 1000 eV is of the order of a few atomic layers
208

).  

Accordingly, some Pd and Au atoms in the near-surface region that are not surface-

accessible may also contribute to AES signals
203

 on the annealed Pd/Au(111) surfaces. 

6.3.2 Basin Hopping Simulations of Pd/Au(111) Surfaces 

The influence of surface oxygen coverages on the total system energy and surface 

Pd coverage (θPd) of the 1 ML Pd/Au(111) surface was investigated by Basin hopping 

simulations.  The simulation results and top views for initial and final structures are 

depicted in Figure 6.4. 
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Figure 6.4. Basin hopping simulations for the total system energy and surface Pd 

coverage of the 1 ML Pd/Au(111) surface in the absence and presence of 

surface oxygen atoms. Blue solid and dashed lines represent the energy for 

current structure (Ecurrent) and lowest energy visited so far (Emin), 

respectively. For convenience of comparison, the energy for surfaces with 

oxygen coverage of 0, 0.25 and 1 are referenced to -281, -300 and -321 eV, 

respectively. Red solid lines represent the surface Pd coverage. The top 

views for initial and final structures are included on left and right sides, 

respectively. 

 

When oxygen atoms are absent from the surface (θO = 0), the mixing of surface 

Pd atoms into the Au(111) subsurface is energetically favorable and the surface Pd 

coverage decreases sharply as simulation progresses.  These results are consistent with 
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our AES observations (Figures 6.1 and 6.3) and previous studies using AES and LEISS 

characterizations
88

 and STM imaging.
76, 204

  For surfaces partially covered with oxygen 

atoms, the total system energy does not decrease as significantly during the simulation 

process.  After 200 swapping steps, the decreases in total system energy are ~7.2, 2.8 

and 0.3 eV for surfaces with oxygen coverages of 0, 0.25 and 0.5, respectively.  These 

results suggest that the presence of surface oxygen atoms can stabilize the Pd/Au(111) 

system and the system is more energetically stable when more oxygen atoms are present 

on the surface. 

Our Basin hopping simulations also show that the surface Pd coverage decreases 

more quickly in terms of number of swapping steps on the surface lacking oxygen than 

on the surfaces containing oxygen.  The surface Pd coverage on the oxygen-free surface 

(θO = 0) decreases to zero after 135 swapping steps, while the surface Pd coverages only 

decrease to 0.43 and 0.8 after 200 swapping steps on the oxygen-covered surfaces with 

θO = 0.25 and 0.5, respectively.  These simulation results suggest that oxygen atoms on 

the Pd/Au(111) can prevent the interdiffusion of Pd atoms into the Au slab, which 

supports our earlier interpretation from AES spectra (Figures 6.1 and 6.3) that surface 

oxygen atoms can inhibit the diffusion of surface Pd atoms into the Au(111) subsurface.  

These observations are also conceptually consistent with previous DFT studies,
205-206

 in 

which the effect of oxygen on the segregation energy for Pd−Au surfaces was 

investigated using Pd monomer-Au(111) models. 
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The inhibition effect due to surface oxygen atoms likely results from the different 

strength between O−Pd bond and O−Au bond; because O binds to Pd more strongly than 

to Au, the swapping between surface Pd that bonds with oxygen and subsurface Au 

requires extra energy to overcome the energy difference between O-Pd and O-Au 

interaction.  It is also worth noting that in the real case, the surface oxygen atoms that 

bond with Pd atoms could recombinatively desorb from the Pd−Au surface after Pd 

atoms are exchanged by Au atoms.  This possible oxygen desorption was not included 

in our simulations in this study (it would further lower the surface Pd coverage if oxygen 

desorption is considered as a possibility). 

6.3.3 CO-RAIRS Characterization of Pd/Au(111) Surfaces 

The Pd/Au(111) surfaces annealed in UHV and oxygen were further characterized 

by CO-RAIRS.  CO-RAIRS has long been used to study the properties and structures of 

model catalyst surfaces.
90, 209

  The information regarding the adsorption site and surface 

morphology can be inferred from the observed CO stretching frequencies (νCO) as a 

result of varying degrees of π-antibonding back-donation from the surface electrons.
90, 209

 

Figure 6.5 shows the RAIRS spectra of saturated CO on UHV-annealed and 

oxygen-annealed 1.5 ML Pd/Au(111) surfaces.   
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Figure 6.5. RAIRS spectra of saturated CO on 1.5 ML Pd/Au(111) surfaces annealed in 

(a) UHV and (b) 1 × 10
−6

 Torr of O2 with various temperatures. These 

spectra were taken at a surface temperature of 77 K. 

 

According to previously reported literature,
89, 93, 210

 the assignment for the IR 

features of CO adsorbed on Pd−Au model surfaces has been established as follows:
39

 νCO 

at 1900−2000, 2160−2085 and >2100 cm
-1

 corresponds to bridged CO on contiguous Pd 
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sites, atop CO on isolated Pd sites and atop CO on Au sites, respectively.  As shown in 

Figure 6.5a, the Pd/Au(111) surface annealed in UHV at 500 K displayed two main IR 

bands at ~2087 and 1965 cm
-1

, which can be attributed to CO adsorbed on isolated and 

contiguous Pd sites, respectively.  These two IR bands shifted to higher frequencies at 

~2090 cm
-1

 and 1976 cm
-1

 on the Pd/Au(111) surface annealed in oxygen at 500 K 

(Figure 6.5b).  When the annealing temperature was gradually increased, the intensity of 

IR feature due to contiguous Pd sites attenuated and that due to isolated Pd sites 

intensified on both UHV-annealed and oxygen-annealed surfaces.  It is found that with 

the same annealing temperature, the IR feature associated with contiguous Pd sites is 

consistently larger on oxygen-annealed surfaces than that on UHV-annealed surfaces.  

These observations suggest that a higher number of contiguous Pd atoms are present on 

oxygen-annealed surfaces in comparison to that on UHV-annealed surfaces. 

It is noted that although CO-RAIRS can provide qualitative information such as 

surface morphology and adsorption sites of Pd−Au model surfaces, quantitative analysis 

using CO-RAIRS is quite difficult when contiguous Pd sites are present on the surface,
50

 

likely due to the vibrational coupling effect that attenuates the IR intensity at high surface 

CO coverages.
93
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6.3.4 Oxygen Adsorption and Desorption on Pd/Au(111) Surfaces 

As mentioned earlier, Pd−Au catalysts have displayed promising performance in a 

number of catalytic reactions involving oxygen as a reactant.
13-21, 33-38

  Accordingly, it is 

of interest to investigate the interaction of oxygen with the annealed Pd/Au(111) surfaces 

in this study.  King−Wells measurements have been employed to study the adsorption of 

oxygen molecules on UHV-annealed Pd/Au(111) surfaces.
51

   By analyzing the O2 

QMS signals from the inert flag and sample surface during the King−Wells measurement, 

(semi-)quantitative information such as the initial sticking probability and uptake for 

oxygen molecules on the surface can be determined.
51

 

Figure 6.6 shows the O2 QMS signal during a series of King−Wells measurements 

in which an O2 beam was impinged onto annealed 1.5 ML Pd/Au(111) surfaces.  In 

these measurements, the O2 molecular beam was first impinged onto the inert flag for 5 s 

(from 10 to 15 s) to establish a baseline signal (all O2 molecules scattering from the inert 

flag), and then impinged onto the annealed Pd/Au(111) surfaces that were held at 77 K 

for 30 s (from 15 to 45 s).  The same measurements were carried out on the clean (Pd-

free) Au(111) surface for comparison. 
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Figure 6.6. O2 (m/z
+
 = 32) QMS signals detected during King−Wells measurements.  

The 1.5 ML Pd/Au(111) surfaces were annealed to a specific temperature in 

(a) UHV and (b) 1 × 10
-6

 Torr of O2. For these measurements, an O2 beam 

was impinged on the surface at 77 K. 

 

A constant O2 QMS signal was detected when the O2 beam was impinged on the 

inert flag and Au(111) surface, indicating that oxygen was not adsorbed on the Au(111) 

surface under this condition.  The intensity of the O2 QMS signal upon impingement of 
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the beam onto each annealed Pd/Au(111) surface is initially lower than that from 

impingement onto the inert flag due to the adsorption of oxygen on the surface.  We 

attributed this observed adsorption to be molecular in nature
51

 since oxygen molecularly 

adsorbs on the Pd(111) surface at 80 K,
167

 and the dissociation of oxygen admolecules 

occurs at higher temperatures between ~180−200 K.
166-168

  The initial sticking 

probability for oxygen molecules on each surface can be estimated from the O2 QMS 

signal intensities from the inert flag and sample surface (Figure 6.7).   

The initial sticking probability of O2 (𝑆  
) on the surface can be calculated by (eq. 6.2) 

                      𝑆  
  

                                 

           
       (eq. 6.2) 

where             is the intensity of O2 QMS signal from impingement of the O2 beam 

onto the inert flag, and                    is the initial intensity of O2 QMS signal from 

impingement of the O2 beam onto the sample. 
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Figure 6.7. Calculation of initial sticking probability of O2 on the annealed Pd/Au(111) 

surface in the King−Wells measurement at 77 K. The 1.5 ML Pd/Au(111) 

surface annealed at 500 K in UHV was used as an example surface. 

 

The initial sticking probability for the oxygen-annealed Pd/Au(111) surfaces is 

~0.48−0.52, which is slightly higher than that for the UHV-annealed surface 

(~0.43−0.45).  It has been reported that the presence of contiguous Pd sites on Pd−Au 

surfaces is crucial for adsorption of oxygen molecules and that surfaces with only 

isolated Pd sites do not readily uptake O2.
51

   Accordingly, we speculate that the higher 

initial sticking probability observed here is due to a higher number of contiguous Pd sites 

present on oxygen-annealed Pd/Au(111) surfaces as compared to those on UHV-annealed 

surfaces. 
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The oxygen uptake on each surface during the King−Wells measurements can be 

computed using the O2 QMS signals from the inert flag and sample surface (Figure 6.8).  

For convenience of comparison, the oxygen take on each surface in expressed as the 

relative oxygen uptake, which is relative to the oxygen uptake on the Pd/Au(111) surface 

annealed in UHV at 500 K (Figure 6.9). 

 

Figure 6.8. Calculation of O2 uptake on oxygen-annealed 1.5 ML Pd/Au(111) surfaces 

during the King−Wells measurement at 77 K. The 1.5 ML Pd/Au(111) 

surface annealed at 500 K in UHV was used as an example surface. The O2 

uptake on the surface is proportional to the shaded area indicated in the 

figure. 
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Figure 6.9. (a) O2 (m/z
+
 = 32) and (b) CO2 (m/z

+
 = 44) QMS signals during CO-RMBS 

on the oxygen-presaturated Pd/Au(111) bimetallic surface at various surface 

temperatures. 

 

As expected, when the annealing temperature was increased, the relative oxygen 

uptake on UHV-annealed and oxygen-annealed surfaces was both decreased due to 

diffusion of surface Pd atoms into the Au(111) subsurface during annealing.  For UHV-

annealed surfaces, the oxygen uptake on the surface annealed at 500 K dropped to its 

69% and 21% when surfaces annealed at 550 and 600 K, respectively.  The decrease in 

oxygen uptake is found to be smaller on oxygen-annealed surfaces; the oxygen uptake on 

the surface annealed at 500 K reduced to 77% and 31% for annealing at 550 at 600 K, 

respectively.  With the same annealing temperature, the oxygen uptake is consistently 

larger on oxygen-annealed surfaces than that on UHV-annealed surfaces.  Since the 

oxygen adsorption sites on Pd/Au(111) surfaces consist of surface Pd atoms,
51

  these 
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observations support that oxygen-annealed Pd/Au(111) surfaces contain more surface Pd 

atoms than UHV-annealed Pd/Au(111) surfaces, which are consistent with AES spectra 

(Figures 6.1 and 6.3) and Basin hopping simulations (Figure 6.4).  It is noted that 

despite their similar Pd/Au AES ratios (Figure 6.3), the Pd/Au(111) surfaces annealed in 

UHV and oxygen at temperatures of 550 and 600 K display a significant difference in 

their oxygen uptake.  This is explained as due to some of the Pd atoms residing in the 

subsurface region which will be detected by AES but unable to adsorb molecular oxygen.  

These results provide strong evidence that the presence of oxygen can keep Pd atoms stay 

on the topmost layer on Pd/Au(111) surfaces during annealing. 

Figure 6.10 shows the TPD spectra of saturated O2 from UHV-annealed and 

oxygen-annealed Pd/Au(111) surfaces.  The Pd−Au surfaces were generated by 

depositing 1.5 ML Pd on the Au(111) surface at 77 K followed by annealing at 500 K in 

either UHV or 1 × 10
-6

 Torr of O2.  The surfaces were saturated with oxygen at 77 K by 

impinging a molecule beam of O2 onto the surface prior to heating.  To more clearly 

visualize desorption features, the O2-TPD spectra were plotted within the temperature 

range between 77 and 300 K (no oxygen was observed when the temperature was higher 

than 300 K). 
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Figure 6.10. O2 (m/z
+
 = 32) QMS signals detected during O2-TPD measurements. The 

1.5 ML Pd/Au(111) surfaces was annealed at 500 K in (a) UHV and (b) 1 × 

10
-6

 Torr of O2. A saturation coverage of oxygen was dosed by impingement 

of O2 beam at 77 K. The heating rate is 1 K/s. 

 

The interaction of oxygen has been studied on the UHV-annealed Pd/Au(111) 

surfaces by O2-TPD.
51

  According to the desorption temperature, it was shown that with 

the exposure to O2 at 77 K the oxygen admolecules on the UHV-annealed Pd/Au(111) 

surface desorbed molecularly (< ~220 K) without detectable dissociation upon heating.
51

  

In Figure 6.10, the oxygen desorption peak from the UHV-annealed and oxygen-annealed 

Pd/Au(111) surfaces both ended at ~200 K, which result from the desorption of 

molecularly adsorbed oxygen.  The UHV-annealed surface displayed a broad O2-TPD 

peak with a peak at ~97 K and a small shoulder at 140 K.  This broad feature has been 
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attributed to the relatively high degree of surface heterogeneity in comparison to that of 

the Pd(111) surface.
51

  It is noted that compared to the UHV-annealed surface, the 

shoulder of desorption peak (at ~148 K) became much more significant on the oxygen-

annealed surface.  High-resolution electron energy loss spectroscopy (HREELS) 

showed
166, 168

 that oxygen molecules chemisorbed on the Pd(111) surface exist in three 

molecular states (one superoxo- and two peroxo-like species) with different vibrational 

frequencies of O−O stretching due to varying degrees of electron transfer from the 

surface into the oxygen molecule.  Corresponding to these molecular states, three 

desorption features with peak temperatures of ~125, 150 and 200 K were observed.
167

  

Accordingly, the intensification of the desorption feature at ~148 K on the oxygen-

annealed surface (Figure 6.10) suggests that some oxygen admolecules may exist in 

different molecular states that bind more strongly to the surface.  Weaver and co-

workers
211

 have studied the O2-TPD from the PdO(101) surface.   In their O2-TPD 

spectra, two main TPD peaks centered at 117 and 227 K as well as smaller features at 275 

and 315 K were observed due to desorption of molecularly chemisorbed O2.
211

  The 

absence of a O2-TPD feature at temperatures above 200 K in Figure 6.10 suggests that no 

oxide such as PdO formed after annealing the Pd/Au(111) surface in oxygen ambient, 

which is consistent with our observations from AES spectra (Figure 6.2). 
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6.3.5 Reaction of Oxygen and CO on Pd/Au(111) Surfaces 

CO oxidation was employed to assess the catalytic activities of UHV-annealed 

and oxygen-annealed Pd/Au(111) surfaces by monitoring CO2 production during CO-

RMBS.  As shown in Figure 6.11, CO-RMBS experiments were conducted by 

impinging a molecular beam of CO onto the inert flag for 5 s (from 10 to 15 s), and then 

onto the molecular oxygen-precovered Pd−Au surface for 60 s (from 15 to 75 s).  For 

these measurements, the Pd−Au surface was generated by depositing 1.5 ML Pd onto the 

Au(111) surface at 77 K followed by annealing at 500 K in either UHV or 1 × 10
-6

 Torr 

of O2.  The surface was presaturated with molecular oxygen at 77 K and then heated to 

250 K prior to CO beam impingement. 

 

Figure 6.11. CO2 (m/z
+
 = 44) QMS signals detected during CO-RMBS experiments.  

The 1.5 ML Pd/Au(111) surfaces were annealed at 500 K in UHV and 1 × 

10
-6

 Torr of O2. The surface was presaturated with molecular oxygen at 77 

K and then heated to 250 K prior to CO beam impingement. 
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Upon CO beam impingement at 250 K, CO2 evolution was both detected from 

both UHV-annealed and oxygen-annealed Pd/Au(111) surfaces.  A time delay for 

emergence of CO2 signals has been attributed to the site blocking from oxygen and 

hydrogen impurities (from adsorption of background gas that is intrinsically present in 

our UHV chamber) on the Pd−Au surface.
51

  The CO2 peak observed from oxygen-

annealed Pd/Au(111) surface was larger than that from UHV-annealed surface, indicative 

of a higher yield of CO2.  These observations demonstrate that the oxygen-annealed 

Pd/Au(111) surface is more active for CO oxidation than the UHV-annealed Pd/Au(111) 

surface.  It is noted that the CO2 production from the annealed Pd/Au(111) surface at 

250 K is likely due to the reaction of CO with atomic oxygen since the desorption of 

molecular oxygen had completed at a temperature of ~220 K.
51

   Accordingly, the 

higher activity for CO2 production suggests that the dissociation of oxygen admolecules 

into oxygen adatoms is more facile on the oxygen-annealed surface than on the UHV-

annealed surface.  The relative ease of dissociation of oxygen admolecules could 

originate from the stronger interaction between O2 and the oxygen-annealed Pd/Au(111) 

surface observed in TPD spectra (Figure 6.10). 
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6.4 CONCLUSIONS 

In this study, we have conducted a model catalyst study that combines 

experimental and theoretical methods to investigate the effect of annealing in oxygen on 

the alloy structure and composition of Pd−Au bimetallic surfaces.  Results based on 

AES, Basin hopping simulations and CO-RAIRS show that the presence of oxygen can 

inhibit the diffusion of surface Pd atoms into the Au(111) subsurface during annealing, 

resulting in a higher amount of Pd atoms present on the surface.  Compared to the UHV-

annealed Pd/Au(111) surface, the oxygen-annealed Pd/Au(111) surface exhibited a 

higher oxygen uptake during King−Wells measurements and stronger interactions with 

oxygen molecules in O2-TPD experiments.  CO-RMBS tests reveal that the oxygen-

annealed Pd/Au(111) surface was more active than the UHV-annealed Pd/Au(111) 

surface for catalyzing CO oxidation to form CO2.  This enhanced activity on the 

oxygen-annealed surface is likely due to the higher oxygen uptake and a relatively more 

facile dissociation of oxygen admolecules.  These results may enhance the fundamental 

understanding of Pd−Au alloy formation during calcination, and in turn aid the rational 

design of improved Pd−Au catalysts.  
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Chapter 7: Concluding Remarks and Future Research 

 

7.1 OVERVIEW OF COMPLETED WORK 

In this dissertation, we performed five model catalyst studies with an attempt to 

enhance the understanding of the catalytic chemistry of Pd−Au bimetallic surfaces.  The 

main findings in each chapter are summarized as follows: 

In Chapter 2,
48

 we demonstrate that Pd−Au bimetallic surfaces generated from 

annealing Pd/Au(111) in UHV readily dissociate H2 and yet also weakly bind H adatoms, 

properties that could be beneficial for catalytic reactions involving hydrogen.  The 

presence of contiguous Pd sites is vital for the dissociative adsorption of H2 at 77 K.  

The H adatom binds to Pd−Au alloy sites more strongly than to Au(111) but more weakly 

than to Pd(111) as indicated by its desorption temperature (∼200 K).  With hydrogen 

exposure at slightly higher temperatures (i.e., 100−150 K), extension of a low-

temperature desorption feature was observed, suggestive of the formation of subsurface H 

atoms (or H absorption).  Experiments using deuterium indicate that H−D exchange 

over the Pd−Au bimetallic surface obeys Langmuir-Hinshelwood kinetics and that H/D 

adatoms are mobile on the surface at low temperatures. 

In Chapter 3,
49

 we show that CO adsorbs competitively on the hydrogen-

precovered Pd−Au surface, causing surface H adatoms to diffuse away from stronger-

binding sites (e.g., Pd(111)-like islands) to weaker-binding sites (e.g., Pd−Au alloy sites 
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and subsurface), as evidenced by a shift of the H2 desorption feature to lower 

temperatures in TPD measurements.  Evolution of H2 was observed when a CO 

molecular beam was impinged onto the H-precovered Pd−Au surface, providing direct 

evidence that CO induces recombinative desorption of H adatoms.  The presence of H 

adatoms on the Pd−Au surface was found to decrease the initial sticking probability of 

CO during MBS experiments but had little influence on CO desorption in subsequent 

TPD measurements. 

In Chapter 4,
50

 we tried to unravel the factors governing the catalytic properties of 

Pd−Au bimetallic surfaces for selective hydrogen production via HCOOH 

decomposition.  Our results show that Pd atoms at the Pd−Au surface are responsible for 

activating HCOOH molecules; however, the selectivity of the reaction is dictated by the 

identity of the surface metal atoms adjacent to the Pd atoms.  Pd atoms that reside at 

Pd−Au interface sites tend to favor dehydrogenation of HCOOH, whereas Pd atoms in 

Pd(111)-like sites, which lack neighboring Au atoms, favor dehydration of HCOOH.  

These observations suggest that the reactivity and selectivity of HCOOH decomposition 

on Pd−Au catalysts can be tailored by controlling the arrangement of surface Pd and Au 

atoms. 

In Chapter 5,
51

 we studied oxygen activation and reaction with CO on Pd−Au 

surfaces.  Our results reveal that the presence of contiguous Pd sites is crucial for 

adsorption of oxygen molecules on Pd/Au(111) surfaces at 77 K.  Upon heating, oxygen 
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admolecules desorbed molecularly without detectable dissociation.  At lower 

temperatures (77−150 K), oxygen admolecules were readily displaced by CO due to 

competitive adsorption. Oxygen admolecules can be thermally activated at higher 

temperatures (180−250 K) to react with CO to form CO2.  DFT calculations show that 

the Pd−Au surface containing larger Pd ensembles favors dissociative CO oxidation, 

whereas associative CO oxidation and O2 desorption are the two main competing 

processes for the Pd−Au surface containing small Pd ensembles.  An associative CO 

oxidation pathway was not experimentally observed, which is likely due to facile CO-

induced O2 desorption. 

In Chapter 6, we investigated the effect of annealing in oxygen on alloy structures 

of Pd−Au surfaces by comparing the physicochemical properties of Pd/Au(111) surfaces 

that were annealed in UHV versus an oxygen ambient.  Our results reveal that the 

presence of oxygen can inhibit the diffusion of surface Pd atoms into the subsurface of 

the Au(111) sample.  Pd/Au(111) surfaces annealed in an oxygen ambient possess more 

contiguous Pd sites than surfaces annealed under UHV conditions.  The oxygen-

annealed Pd/Au(111) surface exhibited a higher activity for CO oxidation.  This 

enhanced activity likely results from the higher oxygen uptake and relatively facile 

dissociation of oxygen admolecules due to stronger adsorbate-surface interactions. 
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7.2 ONGOING AND FUTURE RESEARCH 

In the following sections, several potential directions for the future research are 

described.  Some of these directions are associated with the change of reactants or 

sample surfaces, which can be considered as short-term projects; while some of them are 

probably long-term projects as they will require the significant modifications on the 

apparatus. 

7.2.1 Interactions with Alcohols 

In this dissertation, we have studied the interactions between Pd−Au surfaces and 

small molecules including H2, CO, O2 and HCOOH.  It is of research interest to study 

other organic molecules, particularly alcohols.  Pd−Au alloys have displayed promising 

applications that convert alcohols into other fine chemicals (e.g., selective oxidation of 

alcohols into corresponding aldehydes or acids)
18-21, 57-58, 212-215

 or electric energy (e.g., 

direct alcohol fuel cells).
101, 216

 

The surface chemistry of alcohols on Pd−Au model catalysts are a relatively new 

research field and not well-studied yet.  Lee and co-workers
46

 reported that pure gold 

surfaces were catalytically inert towards crotyl alcohol.  As compared to pure Pd 

surfaces, Pd−Au alloy surfaces exhibited high selectivity toward crotoaldehyde 

production with reduced activity for decomposition.
46

  Very recently our group have 

studied the thermal desorption of ethanol and oxygen that coadsorbed on the annealed 

Pd/Au(111) surface.  Our preliminary results suggest that acetaldehyde was produced 
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via partial oxidation from ethanol during TPD.  Further investigations are undergoing to 

explore the possible mechanisms and the correlation between surface structures and 

activity/selectivity. 

7.2.2 Utilization of Au/Pd(111) as Model Surfaces 

In this dissertation, Pd−Au model surfaces were prepared by depositing Pd atoms 

onto the Au(111) surface followed by annealing to various temperatures.  Our results 

show that the Au(111) surface is very inert and the Pd atoms on the surface are the active 

component.  Indeed, Pd is more active than Au for many reactions, particularly when 

they are in the bulk form such as single crystals.  Accordingly, utilization of Pd single-

crystal surface as a substrate for Au deposition followed by annealing in UHV to generate 

Pd−Au model surfaces could be a useful approach to investigate the change in activity or 

selectivity of Pd modified by the addition of Au. 

To date, several research groups have employed Au-decorated Pd single-crystal 

surfaces to study the catalytic reactions (e.g., CO oxidation,
47

 coupling of acetylene to 

benzene,
45

 and selective oxidation of crotyl alcohol to crotonaldehyde
46

), or surface 

interactions (e.g., ethylene,
217

 acetic acid
218

 and vinyl acetate
219

).  Nevertheless, we 

believe that still many important reactions such as selective oxidation of alcohols (e.g., 

methanol, ethanol, glycerol etc.) and selective decomposition of carboxylic acid (e.g., 

formic acid) are worth investigations on the Au-decorated Pd single-crystal surfaces. 
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7.2.3 Bridging the Material Gap 

Although the use of metal single crystals as sample surfaces has been proved 

useful for modeling the surface reaction on the high-surface-area catalyst, recently many 

researchers are striving to improve the molecular-level understanding of reaction 

mechanisms by employing more complicated model catalysts, for example, metal 

nanoparticles supported on the metal-oxide single-crystal, e.g., Au/TiO2(110)
220-222

, and 

metal-oxide nanoparticles supported on metal single-crystal (i.e., "inverse model 

catalysts"), e.g., CeOx/Au(111) and TiOx/Au(111)
223

 and FeOx/Au(111).
224

  Compared 

to metal/oxide model catalysts, inverse model catalyst (oxide/metal) is more attractive for 

investigating the role of the oxide in a catalytic process.
225

 

The further approach would be the direct use of high-surface-area catalysts as the 

sample surface and combine it with surface-science techniques as characterization/testing 

tools.  In this case, the method to mount the sample (namely, the design of sample 

holder) in the chamber is critical.  One alternative that has been reported by Yates and 

co-workers
226

 is the use of tungsten-mesh to secure the pressed Au/TiO2 sample for IR 

measurements (Figure 7.1).  In this design, IR spectra can be obtained using the 

transmission mode and tungsten-mesh allows ~70% IR transmission.
226
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Figure 7.1. Schematic drawings of the high vacuum system for transmission IR studies. 

A.Top view of the IR cell. B. A closeup view of the sample holder.
226

 

 

7.2.4 Bridging the Pressure Gap 

In most of surface science studies, a (ultra)high vacuum environment is required 

to maintain a clean surface during measurements and to allow the use of surface-science 

spectroscopies that cannot operate at elevated pressures.  This high vacuum is many 

orders of magnitude below the operating pressures used in practical catalytic processes.  

One approach to bridge this pressure gap is to combine an elevated pressure reactor (for 

kinetics study) with an UHV surface analysis chamber (for surface characterization 

before and after kinetic study).
227

  For example, we have modified our UHV chamber to 

study the kinetics and deactivation mechanism of water-gas shift reaction on the Pt(111) 

surface at elevated pressure.
86
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Recently, some spectroscopic techniques have been developed to permit in-situ 

characterizations on model catalysts under reactive conditions at elevated pressures.  For 

example, Goodman and co-workers have used polarization-modulation infrared reflection 

absorption spectroscopy (PM-IRAS) to study CO oxidation
39-40

 and CO/NO reaction
41

 on 

AuPd(100) model surfaces.  Using ambient pressure X-ray photoelectron spectroscopy 

(APXPS), Somorjai group
228

 characterized the restructuring of core-shell structures of 

Rh-Pd and Pt-Pd bimetallic nanoparticles that were deposited on oxidized surface of Si 

wafer in oxidizing and reducing environments.
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